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EDITORIAL 

Some three million tons of rubber are used annually. A good deal of this is worn 
down in locomotion and transportation machinery. In contrast to metals, rubber is of 
recent origin; it is therefore easier to follow the line of technological thinking, which 
led within a few decades to the creation of many new and improved types of rubber. 
Chemists and chemical engineers design and manufacture new, wear-resistant elas- 
tomers. Technologists are then called upon to measure and improve the basic properties 
of the raw material and — most difficult task of all — to predict the service life of the 
finished product. Finally, physicists join the team and endeavour to explain ‘‘quality”’ 
in terms of physical quantities. In this issue of Wear a comprehensive study by 
SCHALLAMACH, on the physical aspects of friction and wear of rubber, is published. 
In what follows, an attempt is made to see this progress in physics within the greater 
context of Rubber Science. 

In earlier work, which was all done with natural rubber (NR), it was soon found 
that rubber-carbon black interaction led to the formation of material with higher 
modulus, higher damping capacity, and better tear strength. Thereafter, technologists 
concentrated on the evaluation of optimum degree of crosslinking, rubber-filler inter- 
action, and on the suppression of oxidizability. Finally, a phase in the understanding 
of laboratory tests was reached that permitted the prediction of the chemical and 
mechanical behaviour of a compound; but the estimation of wear quality to-day is 
still based on carefully designed road tests. 

Some fundamental difficulties barred the way to a differential analysis of wear 
processes. Heat effects must be of overwhelming importance, at least under the con- 
ditions of braking, starting and skidding, but cannot be evaluated in testing. Secondly, 
no clear correlation between conventional tensile and tear tests and wear ratings seems 
to exist. SCHALLAMACH’s paper helps one to understand the latter discrepancy: 

(i) There are at least two mechanisms of abrasion, which are operative under 

different conditions: ‘‘pattern abrasion’”’ and ‘‘intrinsic abrasion’’. 

(ii) The mechanical properties of the surface layer differ substantially from those 

of the bulk of the material. 

(iii) The rate of deformation of surface asperities differs from that used in*conven- 

tional destructive testing. 

The advent of a general purpose synthetic rubber (GR-S) gave new momentum to 
the search for highly wear-resistant compounds. It was clear, even twenty years ago, 
that the German Buna and later the first GR-S withstood the heavy punishment of 
abrasion machines better than did NR. Chemical reasoning led gradually to a more 
regular GR-S molecule with a higher molecular weight, a rubber which finally, under 
certain conditions, surpassed the wear resistance of the best NR compounds in road 
tests. While the other properties of this so-called ‘cold rubber” were in harmony with 
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general trends of thought in polymer science, the spectacular gain in wear resistance 
came somewhat as a surprise. Again, this superiority of GR-S could not be predicted 
from conventional destructive testing. In fact, some workers believe that it is the more 
severe damage caused by oxidation and thermal degradation and not differences in 
certain mechanical properties that makes NR compounds more susceptible to mechan- 
ical wear. 

In the meantime, road testing had been developed to a high degree of perfection and 
(statistical) accuracy. It was then found — first in the United States — that the tem- 
perature-dependence of NR and GR-S wear-rating is different. The wear of NR turned 
out to be higher only above + 15°C. This experience has been confirmed in laboratory 
tests on the Dunlop-Lambourn machine, which is probably nearest in abrasive action 
to road testing. Such a remarkable influence of a comparatively small change in ambient 
temperatures on wear rates excludes rather the preponderance of chemical factors in 
road wear tests. One might surmise, from such observations, the operation of a rheolog- 
ical parameter, e.g. viscosity, which — as is shown by SCHALLAMACH — governs the 
frictional properties of rubbers. 

Butyl rubber differs chemically and physically from NR and GR-S. But recent work 
makes clear that the wear rating of butyl tires can be made comparable to that of the 
general purpose rubber tires. From these and further observations on other synthetic 
rubbers the impression is gained that differences in the intrinsic wear rates of rubbers 
with good mechanical properties become prominent only under severe conditions of 
testing, e.g. heavy loads or high speeds on the roads, or, when a sample is abraded in 
certain wear testers. 

Considerable publicity has been given to the future development of urethane-type 
rubber for the envisaged production of a ‘‘t00,000 miles’’ tire. Certainly, the wear 
resistance of Vulkollans, the original German type of polymers, surpasses anything 
known for other rubbers. We have found that Vulkollan is difficult to damage by 
scratching with a needle in an arrangement similar to that used by SCHALLAMACH for 
NR. This is due to the extremely high tear resistance of Vulkollan, which is always 
measured, quite independent of test conditions. Here we have a case of positive correla- 
tion between ultimate properties and wear resistance. The valuable high tear strength 
is presumably due to the rapid formation of a crystalline phase on extension of the 
rubber. The same crystallisation processes, however, may be responsible for a rather 
complicated speed- and temperature-dependence of sliding friction of Vulkollans, 
which in turn may prove an unexpected hurdle in the way to progress. 


Delft, March 1958 G. SALOMON 
Centraal Laboratorium T.N.O. 
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WEAR OF ELECTRICAL CONTACTS 


M. G. DIEHL 


N.V. Electrische Apparatenfabriek v.h. Van Wijk & Visser, Geldermalsen (The Netherlands) 


SUMMARY 


Both electrical and mechanical wear contribute to the loss of contact material. Electrical wear 
due to arcing phenomena depends on the form of the contacts, a.c.- or d.c.-switching, contact 
speed, and contact pressure. Mechanical wear due to friction depends on the nature of the material, 
the form of the contacts, their relative movement, and the pressure between them. 

Decrease of contact wear, either by eliminating one of the causes of wear or by redesigning the 
contact mechanism, is of extreme importance in increasing the reliability of contacts. 


ZUSAMMEN FASSUNG 


Der Schaltstiick-stoff geht durch elektrischen und mechanischen Verschleiss verloren. 

Der elektvisch Verschleiss, der unvermeidlich ist, wird durch die Einwirkung des Lichtbogens 
verursacht; er wird ebenfalls beeinflusst durch Elektrodenform, Kontaktdruck-kraft, Schaltge- 
schwindigkeit, Prellschlag und Stromart: Gleich- oder Wechselstrom. 

Die mechanische Abnutzung wird beeinflusst durch Reibung zwischen den Kontaktflachen, Werk- 
stoff, Elektrodenform und Kontaktdruckkraft. 

Es ist sehr wichtig nach Verminderung des Kontaktverschleisses zu streben entweder durch 
Aufhebung der Verschleissursachen oder durch Neu-entwurf der Kontaktsysteme, damit die 
Schaltstiick-lebensdauer und die Betriebssicherheit des Kontaktes erhoht wird. 

Aus einer Analyse der Verschleissursachen folgen Mittel zur Verbesserung der Kontaktkonstruk- 
tion. 


INTRODUCTION 


Satisfactory operation and lifetime of electric switchgear depend largely on the 
quality of the electrical contacts. 

All places through which electric current passes from one conductor to another are 
electrical contacts. Usually differentiation is made between fixed contacts, where the 
current only passes and which cannot be loosened except with tools, and temporary 
or switch contacts, where a current is switched on and off. From the point of view of 
wear, only the switch contacts are important. When the circuit is broken electrical 
energy is set free at the switch contacts and arcing has a destructive effect on the 
material. So it is quite natural that after a certain number of operations the quality 
of the contacts should decrease and replacement be necessary. But this type of wear 
should be not accepted as inevitable; on the contrary, by improvements in the design 
the lifetime can be increased and replacement postponed for as long as possible. 
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CRITERION OF WEAR 


When studying wear of electrical contacts, it will be evident that there is a complex 
of phenomena, mixed up in such a way that it is very difficult to examine the various 
conditions separately. 

A contact is said to be worn out when its form has changed so much that the contact 
can no longer perform its function. A certain mechanical force, derived from a com- 
pressed or bent spring, keeps the contacts in the closed position. No attention has 
been paid to a possible decrease of the elastic properties, this being a problem of er- 
roneous dimensions. Erosion of contact material diminishes the contact pressure ; in 
the extreme case the contacts touch only slightly but the wear has then greatly ex- 
ceeded its maximum value. A contact is already worn out when, because of the de- 
creased contact pressure, the contact resistance is so much higher than normal that the 
temperature rise surpasses a certain limit on passage of current. This wear can be 
examined indirectly by measurement as shown in Fig. 1 ; the limits should be mentioned 
by the manufacturer. 


pct 


Fig. 1. Contacts are worn out when A is reduced to minimum given value. 


Although the contact resistance depends to a great extent on the contact pressure, 
the condition of the material surfaces also influences the resistance. In addition to 
the wear, which in this consideration is equal to the loss of material, the increase in 
resistance caused by oxidation causes a fall in quality, which is also marked by an 
extra temperature rise. Such a contact is not then worn out, but it is no longer usable 
for its purpose. 


CAUSES OF WEAR 


When analysing the problem of wear of electrical contacts, various causes must be 
taken into account: 
(a) electrical phenomena, 
(b) mechanical influences, 
(c) conditions of operation. 
Although chemical reactions may have an effect they are left out in this consideration 
because they influence the main causes only indirectly. 
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Since switches vary so much in design and construction, several conditions influence 
the wear, each in its own way. To obtain a more fundamental view of the wear of 
contacts it is necessary to study the problem apart from the type of construction 
involved. A study of the switch construction will reveal which factors of wear are 
connected with the construction and which dominate. Should this fundamental re- 
search be omitted, there is a good chance that alterations in design that, incidentally, 
bring about an improvement in results will not be made use of as a basis for new or 
modified designs. 

The quality of an electrical contact is determined by the following factors: 

contact form; 

contact pressure ; 

contact material, as far as suitability for passing current is concerned; 

type and strength of current and voltage; 

power factor; 

operating speed; 

relative movement after touch; 

bounce of contacts; 

type of switch, with regard to making and breaking the circuit and duration of 
contacts. 

In order to examine the effect of one of these factors on the phenomenon of wear a 
situation should be chosen in which the effect of all other factors will be eliminated 
or so much restricted that reproducible data can be obtained. An investigation of 
a special construction in which several factors play a part seldom gives results that are 
of general use. 


ELECTRICAL WEAR 

(a) Electrical phenomena 

Contact material is lost owing to electrical phenomena, viz. when switching. As soon 
as an arc has been formed (this being a conducting path through the medium, either 
air or oil) the material will be vaporized or burnt, since the temperature of the arc is 
some thousands of degrees centigrade. As is known, an arc is formed when the distance 
between the contacts at breaking is so small that an electric breakdown of the medium 
is possible, and moreover when the current is interrupted by ionization of the medium, 
Some loss of contact material must be expected at each sparking or arcing, even if this 
takes only a short time. Generally, these quantities are small, although they depend on 
the load; after a great number of operations the wear can be determined by weighing 
the contacts. The wear is usually stated in g/to00 operations (or multiples thereof) ; 
I operation = 1 closing + 1 opening of the contact. 


(b) Contact form 
Although at first sight contacts seem to have a large variety of forms, there are some 
elementary shapes (see Fig. 2) to which all types belong: 
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spherical against spherical ; 
cylindrical against cylindrical ; 


Ob > 


spherical against plane; 
D. cylindrical against plane; 
E. plane against plane. 

If relative movement of the contacts after they first make contact is excluded, no 
mechanical friction will occur and all loss of material will be caused by electrical phe- 
nomena. A simple calculation will show how the loss of material depends on the flatten- 
ing H of the contacts or the increase of the contact opening. Here it is assumed that 
per average operation an equal quantity of material is lost. The graphs of Fig. 2 have 
been made for contacts with a radius of curvature R = 5 mm. These prove that very 
curved surfaces, especially in the beginning, lose material more quickly than surfaces 
that are less curved; the coaxially-mounted cylinders — where the surface is inde- 
pendent of the wear — give the best results. 
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Fig. 2. Relationship between flattening and erosion of material on various types of contact. 


(c) Contact pressure 


As can easily be seen, the influence of the contact pressure on the wear is nil for 
the contacts without relative movement after contact is first made, The quality of 
the contact, however, is highly dependent on the mean pressure: if this increases, 
the contact resistance and the voltage drop decrease. As the pressure tends to increase 
at several points of contact the yielding point of the material will be exceeded, which 
means that the area of current passage will become larger. 


(d) Contact material 


In selecting a suitable material for electrical contacts attention should be given to 
the fact that low resistance to current is usually accompanied by good thermal conduc- 
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tivity. But a low contact resistance is in many cases incompatible with good resistance 
to electrical wear. Copper and silver show good current and heat conductivity, but 
copper is apt to form surface film, which increases the contact resistance. Tungsten 
shows good resistance both to electrical and mechanical wear, owing to its high 
melting point and hardness. In many applications a compromise has to be found 
between the conflicting requirements. 


(e) Nature of current 


There is an important difference between the wear when using alternating or direct 
current. When d.c. is interrupted the arc characteristically remains more or less stable, 
unless the construction of the contacts prevents it. The longer the arc the greater the 
resistance. Ultimately, as the contact opening becomes wide enough the arc will break 
down. Moreover, the heat development of the surrounding air contributes to the ver- 
tical movement of the arc. Advantage is taken of the phenomenon by artificially 
enlarging the length of the arc during the raising movement, in order to stimulate a 
quick breakdown. Rapid extinction is obtained with the aid of a blow-out coil, the 
magnetic field of which exercises a force over the arc that can be seen as a moving 
conductor, which lengthens the arc and makes it break down earlier. 

Alternating current has an inherent advantage in this respect, in that the current at 
a frequency of 50 cycles/sec is zero 100 times per second. After opening the contact 
the current is interrupted at the next zero value. Because the arc is of such short dura- 
tion the influence of the electrical energy on the contact material is restricted. In this 
respect the wear in a.c. switches is considerably less than in d.c. switches. This does not 
mean that the characteristics of the load have no influence: the cos m between current 
and voltage, and thus the qualities of the load circuit, play a great part in the inter- 
rupting phenomena. 


MECHANICAL WEAR 
(a) Mechanical influences 
The mechanical phenomena, which are closely connected with the design of the 
switch, can have a great influence and can be the cause of considerable wear. It is 
usually possible to reduce them to frictional wear. In a switch the unusual situation 
exists that metal parts are rubbing against each other without lubrication ; after a time 


this causes much loss of material. 
The contact pressure is more important for those contacts that still move after 


the first moment of contact. For in such cases two metal parts rub on each other, and 
it is not strange that this unlubricated or dry friction should cause a serious loss of 


material. 


(b) Contact movement 
The contact arrangement and relative movement must be known before one can 
forecast the wear. There are usually two types of contact, viz. contact where after 
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Fig. 3. Apparatus for investigation of mechanical wear of copper sliding on copper without lubri- 
cation. 


first touching the tips of the contacts move along each other with the full contact force 
until they come to a standstill, and contact where the moving part of the contact 
rolls — and possibly also slides — along the fixed part of the contact. The principle 
of the rolling form of contact is, not to allow the point of first and last contact to 
coincide with the place of definite contact, so that the latter will not be damaged by 
the arc phenomena during switching. Tests on wear without electric load on a specially 
constructed installation (Fig. 3) have shown that during a reciprocating movement 
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Fig. 4. Loss of material of two sliding copper parts under different conditions of pressure. 
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two copper blocks polish each other at first, but after a certain number of operations 
the loss of material is considerably higher and the material surfaces become very rough. 
The higher the pressure is, the sooner this phenomenon appears (Fig. 4). 

Although this test gives only a rough view of the mechanical phenomena, it cannot 
be expected that in practice — when a combination of mechanical and electrical phe- 
nomena exists — more favourable results will be obtained, since the attack of the 
surface by an arc nullifies the polishing action of the contacts. 


(c) Contact material 


Because of this considerable mechanical wear, contacts with a high rupturing capac- 
ity should be designed in such a way that there is a little relative movement. For 
switches that operate only seldom the mechanical friction is necessary in order to 
remove any possible surface film of oxide with poor conducting qualities, so that good 
contact and low contact resistance will be achieved. 

When silver, silver alloys, or silver-sintered contact materials are used mechanical 
friction is no longer essential since the silver oxide (formed by the arcing) is also a 
good conductor. There is no loss of material, because there is no friction, and wear is 
due to electrical phenomena alone. On this principle is based the present development 
of contactors specially for a.c., having double-break contacts without any rolling or 
wiping movement. 


Fig. 5. Apparatus for determining erosion of contact material at different values of contact speed. 
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CONDITIONS OF OPERATION 

(a) Operating speed 

Although when switching off a.c. the moment of definite interruption of the current 
appears to be the passage through zero, the operating speed is also of some importance 
from the point of view of wear. Again, the operating speed will mostly vary in the 
switch itself. In order to check the influence of speed upon wear a special cam-operated 
contact mechanism is used, where the operating speed remains constant (Fig. 5). 
By definition, the operating speed is the speed of the moving contact at the moment 
of circuit breaking. Remarkably, it appears that wear shows a definite minimum at 
a certain speed. If switching on and off are investigated as two separate phenomena, 
there is a difference between the optimum speed of switching on and switching off at 
the vaiue of minimum wear. Moreover, the strength of current on switching and the 
actual voltage exert an influence. Fig. 6 shows the relationship between wear and 


operating speed. 
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Fig. 6. Relationship between electrical wear and contact speed. 


(b) Contact arrangement 


In practice, little distinction is made between horizontal and vertical contact move- 
ment, but the arrangement of the contact does play a part with regard to wear. 

In a comparison of the wear on contacts moving horizontally and those moving 
vertically, there is a real difference in favour of the horizontal movement and this is 
clearest at small speeds of 5-50 mm/sec. The duration of the arc has a direct influence 
upon the erosion of contact material and the sooner the arc phenomena disappear, 
the smaller will be the loss. As a result of the heat effect of the arc and its rising move- 
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ment, there is also a rising movement of the surrounding air; this contributes to the 
replacement of warm ionized air by cold non-ionized air with higher disruptive strength. 
Naturally, the ventilation effect is less effective with a vertical switching motion than 
with a horizontal arc. Generally the mean difference in wear is of less significance for 
constructions where the arc is extinguished forcibly, as with the application of blow-out 
magnets, etc. 


(c) Contact bounce 


Every time a contact is closed and opened, it is exposed to the disturbing influence 
as already described. In automatic switchgear, the greater part of which is electro- 
magnetically operated, contact bounce is an extra source of wear. 

On closing the circuit the moving contact is suddenly arrested by the fixed contact. 
Owing to the kinetic energy of the mass moving with high speed, a rebounding of the 
contact breaks the circuit ; this phenomena is repeated several times in rapid succession 
before making is definite. It will be clear that wear is naore or less proportional to the 
number of undesired interruptions. From a cathode ray oscillogram such as is given 
in Fig. 7 it is possible to forecast the extra wear that may be expected in a given 
contact arrangement. In a more serious case the contact bounce may lead to welding 
of the contacts. 


Fig. 7. Oscillogram of current interruptions due to contact bounce. 


CONCLUSION 


Without going further into the fundamental questions regarding the complicated 
arc phenomena, it appears that wear is a still more complex problem, because it is 
influenced not only by these phenomena but also by other factors. However, it is very 
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useful to trace the result of these factors, either separately or partly together, in order 
that on the basis of these facts it can be decided in which direction decrease of wear 


must be sought. 

In view of the considerable number of electrical contacts used in the technical field, 
it is — quite independently of the economic aspect of the loss of material—a very 
important task to increase their reliability by decrease of wear. 
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ON THE CONTACT RESISTANCE BETWEEN SURFACE-OXIDIZED 
METALS IN REPEATED SLIDING 


YASUKATSU TAMAI 


Institute of Science and Technology, University of Tokyo (Japan) 


SUMMARY 


Electrical contact resistance and coefficient of friction were measured for the purpose of investi- 
gating contact between metal surfaces subjected to repetitive reciprocating sliding. A pendulum- 
type friction device was used and contact resistance was recorded automatically. Steel and copper 
were studied under natural and surface-oxidized conditions. With steel the trace of contact resis- 
tance during sliding fluctuated in both cases, but with copper it was either smooth or fluctuating 
under natural or oxidized condition, respectively. Influence of oxygen content in the atmosphere 
on the nature of the oxide layer was also studied with tin; it was shown that the trace of resistance 
became smooth in air at a pressure of 1 mm Hg, but fluctuated in atmospheric air. These experi- 
ments suggest that the nature of the oxide layer affects the size of worn oxide debris, and this deter- 
mines whether the trace is smooth or fluctuating and the value of resistance low or high. 


ZUSAMMEN FASSUNG 


Der elektrische Kontaktwiderstand und der Reibungskoefficient von hin und hergleitenden 
Metalloberflachen wurde gemessen. Die Untersuchung wurde mit einem Reibungsapparat vom 
Pendel-typus ausgefiihrt wobei der Kontaktwiderstand automatisch aufgezeichnet wurde. Stahl 
und Kupfer wurden sowohl mit natiirlichen als auch mit oxydierten Oberflachen untersucht. Fiir 
Stahl schwankte der Kontaktwiderstand wahrend des Versuches und zwar tnit beiden, verschieden- 
artigen Oberflachen, dagegen wurde fiir die Kupferoberflache im natiirlichen Zustand eine regel- 
massige Widerstandskurve gefunden und nur mit der oxydierten Oberflache eine schwankende. 

Der Einfluss des Sauerstoffgehaltes in der Atmosphare auf die Art der Oxydschicht wurde an 
Zinn naher untersucht. Es zeigte sich, dass die registrierte Kurve fiir den elektrischen Widerstand 
in verdiinnter Luft (1 mm Hg) regelmassig verlief, dagegen schwankte sie in atmospharischer Luft. 
Es ergibt sich aus diesen Versuchen, dass die Eigenschaft der Oxydschicht die Grésse der abge- 
riebenen Oxydtriimmer bestimmt und dies ist entscheidend sowohl fiir die Gleichmassigkeit der 
Widerstandskurve als auch fiir die Grésse des elektrischen Widerstandes. 


INTRODUCTION 
It is generally accepted that the oxide film on metal influences very much the fric- 
tional behaviour and the mechanism of wear of the metal. The oxide film reduces 
surface damage, makes sliding smooth and often lowers the friction, but if, on the 
other hand, it is broken up, the worn oxide debris may act as abrasives and increase 
the wear markedly. 
Many investigations have been carried out on this problem. Recently the simul- 
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taneous measurement of the coefficent of friction and the contact electrical resistance 
was introduced by Witson? and others. They showed that the method is very sensitive 
and useful for detecting the breakdown of an oxide film. But almost all studies have 
been carried out under conditions of unidirectional and non-repetitive sliding. The 
purpose of the present work was to extend this study to reciprocating and repetitive 
conditions of sliding, which seem more important as regards oxide breakdown. 

The contact resistance and the coefficient of friction between the sliding surfaces 
of steel and copper under natural and surface-oxidized conditions were measured 
simultaneously and recorded automatically. Another kind of experiment was made, 
with tin, namely, rneasurement at both atmospheric and reduced air pressures. Changes 
in the contact resistance during sliding were recorded graphically, showing the striking 
difference in features according to the nature of surface oxide. 


EXPERIMENTAL 

Apparatus 

The friction apparatus was of the pendulum-type, identical in principle with that 
of KYROPOULOS AND SHOBERT®. Fig. r shows the schematic diagram of the apparatus. 
In order to record automatically the damping motion of the pendulum, a variable air 
condenser was used; this consisted of a metal plate attached to the pendulum and two 
fixed metal plates sandwiching that of the pendulum. The mechanical damping motion 
was then converted into modulation of the frequency of an electric oscillator having 
this variable condenser in its oscillation circuit. Thus the damping motion can be 
recorded electrically with an automatically recording galvanometer, and the coefficient 
of friction readily calculated from the chart made. 


Frequency 
Modulation 


Detector Recorder 


S| Automatic 


Fig. 1. Schematic diagram of apparatus. 


The rubbing specimens were in the form of a horizontal cylindrical rod (radius 2 mm, 
length 25 mm), which composed the journal of the pendulum, and four supporting 
cylinders (radius 5 mm, length 8 mm), which were clamped against the sloping sides 
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of a vee-block in two pairs as shown in Fig. 2. This crossed cylinder arrangement has 
four contacts. The normal load acting at each contact varies slightly as the pendulum 
oscillates, but the variation was not significant for the present purpose. The average 
load was too g at each contact. 


Fig. 2. Arrangement of specimens. 


The electrical resistance between sliding surfaces was measured by means of a modi- 
fied bridge method. The contact resistance, R, to be measured was “‘built in’’ into 
one arm of the bridge, as shown in Fig 1, so that the contact voltage is a part of the 
total potential applied and is lower the smaller the ratio R/Ry. A battery was used 
to supply d.c. potential between the ends of the bridge. The potential difference between 
so-called galvanometer terminals was measured with a dynamic condenser electrom- 
eter and recorded with another automatically recording galvanometer on the same 
chart. The measurable range of resistance was between 10-2 and ro? Q. 


Specimens and their degreasing 

Commercial copper, tin, and hardened steel, were used as specimens, The degreasing 
procedure consisted of washing the specimens with purified benzene, boiling them in 
5% potassium hydroxide in methyl] alcohol, washing them again with water and then 
with ethyl alcohol, and drying them in purified air stream. Their holders were also 
degreased. 


Measuring procedure 

To illustrate the operation procedure, the friction pendulum was at first automatic- 
ally inclined at an angle of 28°. Then the pendulum was set free to oscillate until it 
stopped. The contact resistance was recorded from the beginning. 


THE NATURAL SURFACE 
Under normal atmospheric conditions all metals except gold are usually covered 
with an oxide layer. But the thickness or mechanical properties of these layers differ, 
Contact resistance was measured on steel, copper, and tin. It was shown that with 
regard not only to the magnitude of the resistance but also to its character during 
sliding these metals are quite dissimilar. 


Steel 
The typical features of records of the motion of the pendulum and the resistance 
during sliding are shown in Fig. 3. The intervals from a to b and from b to c correspond 
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respectively to the period during which the pendulum was switched from the normal 
to the inclined position, and the period in which it was set free to oscillate until it 


stopped. 


ee tee ee a ee he ee 
a b c 


Fig. 3. The typical features of records of the motion of the friction pendulum and the contact resis 
tance of steel (natural surface). 


At the beginning of the measurement, when the journal specimen of the pendulum 
was placed on four cylindrical supporter specimens, the value of the resistance R 
usually lay between 0.5 2and1 2. As the pendulum began to swing, the resistance 
decreased to a value of 10-2 Q. This has already been noticed by many investigators, 
and the decrease in R is considered to be due to breakdown of the oxide layer. 
Assoonas the pendulum was allowed to oscillate freely, the resistance suddenly increas- 
ed and fluctuated violently over a considerable range of 0.5-1.2 2. When the pen- 
dulum stopped, FR settled to a value lower than during free oscillation but not neces- 
sarily of the order of ro-? 2 and in fact usually rather higher. 

It is at first difficult to see why the resistance was higher during free oscillation 
in spite of breakdown of the oxide than when at rest. Considering that the low value 
of the resistance during rest decreased further whenever the pendulum was again set 
at the inclined angle unidirectionally, it is probable that the high value and the fluc- 
tuation of the contact resistance during oscillation may arise from loose oxide debris 
moving between the specimens. The resistance at rest may be due to the oxide debris 
still remaining; and slow unidirectional sliding squeezes out the intervening debris, 
so resulting in the resistance decrease. It was found that the reddish-brown powder 
of the oxide was scattered on the specimen around the contact point after the ex- 
periment. 


Copper 


The typical features of records for copper are shown in Fig. 4(A), in which the record 
of damping motion is omitted. The most significant difference between the R-character 
of steel and that of copper is that with copper the resistance did not fluctuate even when 
the pendulum oscillated, the specimens being rapidly rubbed together. The value of the 
resistance during oscillation was about 0.2 Q, also higher than that of interval a-b. 

Earlier work on unidirectional sliding showed that the smooth trace of the contact 
resistance suggests the complete breakdown of oxide film. Perhaps this corresponds 
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Fig. 4. The typical features of a record of the contact resistance: (A) copper, (B) tin (naturalsurface). 


to the interval a-b in the present experiments. In view of the fact that the resistance 
of the interval b-c was higher than that of a-b, another interpretation must be given 
for the smoothness of trace b-c. As has been already discussed, the higher contact 
resistance indicates the incomplete breakdown of oxide, or rather the presence of 
oxide debris between the surfaces. It may be concluded, therefore, that the fineness 
of the worn oxide debris is responsible for whether the trace of the contact resistance 
is smooth or fluctuating. With steel, the oxide debris is harder (hardness about 
400 kg/mm?) and coarser, but with copper it is softer (130 kg/mm?) and finer (BARWELL 
et al.*). The coarser particles of loose debris moving between rubbing specimens may 
cause more readily the fluctuation of resistance. 


Tin 
The record obtained for tin is shown in Fig. 4(B). The resistance fluctuated markedly, 


and rose so high that the mean value was up to 1.5 2. The oxide of tin is thin but hard 
and brittle, so the oxide debris may be larger. 


THE OXIDIZED SURFACE 


With steel and copper the nature of the surface layer oxidized at high temperature 
was studied and compared with the natural surface oxide. 


aA Iq 


(A) (B) 
Fig. 5. The typical features of a record of the contact resistance: (A) steel, (B) copper (oxidized 
surface). 


Steel 

The steel surface was oxidized until the colour became dark grey, indicating that 
the oxide layer was thicker than about rooo A. The coefficient of friction was 0.45, 
which is lower than that of the natural surface (0.50). The nature of the contact resis- 
tance trace was little changed, as shown in Fig. 5(a), but the mean value of fluctuating 
resistance increased very much, up to 1.8 Q or higher. 
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Copper 

The copper surface was oxidized until it became greyish red. The thickness was of 
the order of ro? A. The typical features of the resistance record are shown in Fig. 5(B). 
The striking difference in the nature of resistance is easily seen between the natural 
and the oxidized surfaces, namely: the trace of resistance was smooth with the natural 
oxide, but fluctuating with the surface oxidized at high temperature. The mean value 
of the fluctuating resistance also increased up to 0.6 2. 

It was found that the surface oxide is amorphous when it is formed at low temperature 
and crystalline when formed at high temperature. The size of crystal grain of oxide is 
larger the thicker the layer. This suggests that the worn debris from the oxidized 
surface may be larger than from the natural surface. Thus, from the reasons already 
discussed, it is easy to see why the resistance fluctuates with oxidized copper surface 
and not with the natural surface. 


THE INFLUENCE OF ATMOSPHERE 


With tin, an experiment was carried out at reduced air pressure of about 1 mm Hg. 
The purpose was to investigate whether the nature of surface oxide was influenced 
by the amount of oxygen in the atmosphere during the repeated rubbing. 


Alp 
1.2 0.6 
0.8} 0.4 
Contact 
Tp resistance 
=-==' Coeff. ot 
siilis ace amt 0.4F 0.2 friction 0.4+ 0.2 
a b c 5 10 15 x 20 
(A) (B) 
Fig. 6. The features of the contact Fig. 7. Changes of the coefficient of friction (u) and the 
resistance of tin (natural surface, contact resistance (Q) with successive measurements: 
I mm Hg air). (A) in atmospheric air, (B) in 1 mm Hgair (m: number 


of measurements). 


The features of resistance are shown in Fig. 6. A comparison of this figure with Fig. 
4(B) shows obviously the influence of oxygen pressure on the nature of the oxide. 
Fig. 7(A) and (B) shows the changes in contact resistance and coefficient of friction 
with the successive measurements on the same contact at normal and reduced air 
pressures, respectively. In both cases the change in the coefficient of friction is slight 
and insignificant. But the change in resistance was very interesting; at normal pressure 
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the mean value of fluctuating resistance rose gradually from the initial value of 0.9 2 
up to about 1.5 2, and at reduced pressure the value of resistance decreased from o.8 Q 
to about 0.3 Q. 

From these results it was found that poor oxygen content in the atmosphere resulted 
in a thinner layer of tin oxide, finer particles of worn debris, and a smooth contact 
resistance trace. As for the magnitude of the resistance measured in these experiments, 
the size of the oxide debris between the surfaces might also determine whether the 
resistance increased or decreased with successive measurements. 


DISCUSSION 


A comprehensive study was made by WIrson of the contact resistance and the 
coefficient of friction of sliding metal surfaces. He confirmed that smooth contact 
resistance trace corresponds to the complete breakdown of the oxide, and fluctuating 
resistance to incomplete breakdown under the conditions of unidirectional sliding. 
But in the present experiments, which were carried out under conditions of repeated 
reciprocating sliding, the smooth or fluctuating trace of contact resistance did not seem 
to correspond necessarily to whether or not breakdown of the oxide was complete. 
HALLIDAY AND Hirst‘ have investigated the fretting corrosion of mild steel and shown 
that the contact resistance under fretting was fluctuating and the value lay between 
0.1 and 103 22. They also considered that the fluctuation of resistance bears a relation 
to the presence of loose oxide debris between the surfaces. Comparing the results of 
the present experiments with those of WILSON and HALLIDAY AND Hirst, the condition 
of repetitive reciprocating sliding seems to imply the condition of fretting to some 
EXtent. 

It was found that the nature of the oxide film, 7.e. thickness, hardness or crystalline 
state, influences the characteristics of contact resistance. In other words, the nature 
of the oxide film determines the size of worn oxide debris and accordingly whether 
a smooth or fluctuating resistance trace really corresponds to smallor large size of debris, 
respectively. 
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FRICTION AND ABRASION OF RUBBER 
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SUMMARY 


Experimental evidence is adduced for the view that rubber friction is similar in character to vis- 
cous flow and therefore, in contrast to solid friction, not necessarily accompanied by abrasion. 
This theory implies that the forces of rubber friction are proportional to the true area of contact. 
The true area of contact is determined by elastic deformation of the asperities on the rubber surface, 
with the result that Amontons’ law is not obeyed by rubber. The laws of rubber friction are deduced 
from simple models and satisfactorily confirmed by experiment. 

Abrasion of rubber is due to mechanical failure under the tractive stresses produced frictionally 
by the asperities of the track. In this process, certain periodic structures are often created on abraded 
rubber which have been called ‘‘Abrasion Patterns’. Abrasion patterns are found to increase the 
rate of abrasion; a distinction is therefore made between ‘‘Intrinsic Abrasion’’, occurring in the 
absence of patterns, and ‘‘Pattern Abrasion’’. Both types of abrasion are treated theoretically, 
and qualitative agreement with the experimental results is obtained. 

The phenomenon of pattern abrasion has the important consequence that the relative abrasion 
rating of any two compounds can depend pronouncedly on the conditions of the test. 


ZUSAMMEN FASSUNG 


Experimentelle Griinde werden dafiir angefiihrt, dass Gummireibung als dem viskcsen Fliessen 
wesensahnlich anzusehen ist und deswegen, im Gegensatz zur festen Reibung, nicht notwendiger- 
weise mit Abrieb verbunden ist. Nach dieser Theorie sind die Reibungskrafte des Gummis der wahren 
Beriihrungsflache proportional. Die wahre Beriihrungsflache ist durch elastische Deformation der 
Unebenheiten auf der Gummioberflache bestimmt, mit dem Ergebnis, dass Gummi Amontons’ 
Gesetz nicht folgt. Die Gesetze der Gummireibung werden aus einfachen Modellen abgeleitet und 
experimentell zufriedenstellend bestatigt. 

Abrieb entsteht durch mechanisches Versagen des Gummis unter den von den Unebenheiten 
der Spur durch Reibung hervorgerufenen Zugspannungen. In diesem Vorgang entstehen haufig 
gewisse periodische Strukturen, die Riffelformationen (abrasion patterns) genannt werden. Es 
wurde gefunden, dass Riffelformationen die Abriebs-Geschwindigkeit erhéhen; es wird deswegen 
unterschieden zwischen ,,eigentlichem Abrieb’’, der auftritt, wenn keine Riffeln entstehen, und 
,,Riffelabrieb’’. Theoretische Behandlung beider Abriebsarten fiihrt zu qualitativer Ubereinstim- 
mung mit den experimentellen Resultaten. 

Die Erscheinung der Riffelformationen hat die wichtige Folge, dass die relative Abriebszahl 
zweier beliebigen Gummimischungen wesentlich von den Versuchsbedingungen abhangen kann. 


I. INTRODUCTION 

Modern work? on the mechanism of sliding friction and frictional wear of solids has 
brought to light the important role played in these processes by the microtopography 
of the rubbing surfaces whose roughness makes the true area of contact small and pro- 
duces high pressures where the asperities meet. Under the influence of these local stresses, 
irreversible junctions are formed between the rubbing members, and the frictional 
work done in sliding is the energy necessary to break these junctions. Thus, friction 
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of solids is a concomitant of abrasion, and the frictional force is proportional to the true 
area of contact. 

In contrast, rubber friction is not necessarily accompanied by abrasion. Rortu, 
DRISCOLL AND Hort? were the first to show that even after prolonged sliding on plate 
glass rubber samples suffer no abrasive wear. There is no evidence for rubber forming 
irreversible junctions with track materials unless very high temperatures are sustained 
during sliding, and the origin of rubber friction must be sought in a source other than 
that of solid friction. A suggestion as to its origin will be made in the following section. 

In spite of this difference between rubber and solid friction, the line of attack which 
has proved so successful in the theory of solid friction can with advantage be brought 
to bear on rubber friction. Attention must, however, be paid to the fact that rubber 
generally experiences friction and wear under conditions different from those common 
with substances such as metals and fibres. Rubber hardly ever slides on other rubber- 
like materials but on tracks grossly dissimilar from it in surface texture, chemical con- 
stitution and elastic behaviour, road surfaces being the most obvious and important 
examples. It will be shown in the subsequent pages that the concept of local stress 
concentrations in the area of contact between rubber and track goes a long way in 
accounting for the observed effects. 


FREQUENTLY USED SYMBOLS 
True area of contact 
Linear dimension of abrasive grain 
Elastic modulus defined by eqn. (10) 
Frictional force 
Normal load 
Nominal normal pressure 
Radius of curvature of asperities 
Spacing of abrasion patterns 
Temperature °C 
Temperature °K 
Sliding velocity 
Abrasion per unit area 
Coefficient of friction 
Force factor defined by eqn. (6) 


Ss = 9 see oS TSS ty Be 


Il, VELOCITY AND TEMPERATURE DEPENDENCE OF RUBBER FRICTION 

Dynamic rubber friction has a small but definite positive velocity coefficient at low 
speeds, first demonstrated by Roru efal.®. This effect has the interesting consequence 
that rubber can slide on a horizontal track at constant velocity when a constant 
tangential force is applied. In this state of motion the tangential force is, of 
course, equal to the frictional force. The velocity coefficient being small, small 
differences in the tangential force produce large differences in the sliding velocity. 
A measuring method based on this effect? is therefore very sensitive. It is found 
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experimentally, however, that the actual sliding behaviour of rubber is complicated 
by time and distance effects which, though transient, can considerably retard attain- 
ment of a steady state. This is exemplified by Fig. 1. The graphs give the sliding 
velocities of an acetone-extracted unfilled vulcanizate of natural rubber on a finely 
ground glass track at two different tangential forces, the larger force having been 
applied after the experiment with the lower force. It may be mentioned here that in 
certain measurements it is advisable to extract the samples in order to prevent contam- 
ination of the track by impurities oozing out of the samples. This precaution is essen- 
tial when experiments are carried out at variable temperature, for the rate at which 
the contamination occurs increases with increasing temperature. 


v (cm/sec) 


104 
0 


5 
Distance (cm) 


Fig. 1. Sliding velocity of an acetone-extracted unfilled vulcanizate of natural rubber on finely 
ground glass plotted against sliding distance. Normal load, 6.44 kg. Tangential force: (a), 5.8 kg; 
(b), 7.8 kg. Curve (c): curve (b) replotted as log [v—o.00036)cm/sec]. From ref.*. 


With a pulling force of 5.8 kg, the sliding velocity decreases rapidly throughout the 
experiment and the sample eventually stops. Despite the initial motion produced by 
it, 5.8 kg is obviously lower than the equilibrium force of static friction. On increasing 
the tangential force to 7.8 kg the sample starts anew, slows down again, but, incontrast 
to the previous case, reaches a finite steady-state velocity. When the values of this 
second curve are re-plotted as log (v — vsteady state) the straight line (c) is obtained. 
The effects illustrated by Fig. r have their counterpart in a slow rise of the frictional 
force when the sample is moved at constant velocity, as was shown by Roru et al.2. 
The phenomenon appears to be due to surface conditioning of the sample; on abrasive 
tracks where the surface is constantly renewed the effect is absent or very small. For 
this reason, most experimental results have been obtained on abrasives. Sliding veloc- 
ities given in the following two graphs (Figs. 2 and 3) are all steady-state values. 
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The most interesting property of sliding velocities is their pronounced temperature 
dependence. Fig. 2 gives the logarithm of the sliding velocity on silicon carbide paper 
of the natural rubber compound referred to in Fig. r as function of the reciprocal ab- 
solute temperature, the tangential force being the parameter. The curves can be ap- 
proximated to straight lines and be described by equation (1) 

UVconstant force = A’exp(—E’/RT) (1) 
where A’ and E’ are constants. 

The force dependence of the sliding velocity can be derived from the curves of Fig. 2 
by interpolation, the result being shown in Fig. 3. Defining static friction as that value 
of the tangential force at which the velocity approaches zero, a figure of about 5 kg is 
obtained for sliding on silicon-carbide cloth. At forces above about 7 kg, the curves 
are nearly straight lines, indicating that an exponential relation between sliding veloc- 
ity and frictional force obtains at sufficiently high dragging forces. 

Egn. (1) is strongly reminiscent of the relation between fluidity and temperature 
observed in viscous flow and also in other phenomena generally referred to as rate 
processes. In these processes, the elementary particle, or complex of particles involved 
in the process are thought to be confined to potential wells of depth E’ from which 


log v (v incm/sec) 
log v (v in cm/sec) 


CLL VEE OES rea ie Se 
103/7 (T in°k) 
Fig. 2. Steady-state sliding velocity of an ace- Fig. 3. Steady-state sliding velocities at two 
tone-extracted unfilled vulcanizate of natural temperatures on silicon carbide cloth plotted 
rubber on silicon carbide cloth plotted against against tangential force. Data derived from 
reciprocal absolute temperature for various tan- Fig. 2. From ref.?. 


gential forces. Normal load, 6.44 kg. From ref.®. 
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they can escape only when they attain through thermal collision kinetic energy equal 
to, or exceeding E’. The rate of the jumps is proportional to the Boltzmann factor 
eT In the absence of external stress, the direction of escape is random but an 
applied stress tends to direct the jumps in such a way as to relieve the stress. 

It has been suggested’ that in frictional sliding of rubber the molecular force fields 
of rubber and track interlock at the true area of contact, similar to the interaction 
between parallel molecular layers in laminar viscous flow, and that the frictional force 
of rubber is akin to viscous forces. No breaking of molecular bonds and therefore no 
frictional wear need be invoked to account for the frictional force in this picture. 

The stress dependence of the sliding velocity shown in Fig. 3 suggests that rubber 
friction resembles non-Newtonian rather than Newtonian flow in that the velocity is 
not proportional to the tangential stress. Following Eyrinc?, this effect is thought to 
be due to a modification of the intermolecular field by the large tangential stresses 
occurring in rubber friction which effectively lower the energy barrier surrounding the 
potential well. In the region where the logarithm of the sliding velocity is proportional 
to the tangential force, the results shown in Figs. 2 and 3 can be expressed by eqn. (2): 


Vv = Uy exp — (Eg — yp F)/RT (2) 


where v, and y are constants, Fg is the activation energy and F, the frictional force. 
The experimentally determined activation energies are 19,880 cal/mole for sliding on 
ground glass and 16,160 cal/mole on silicon carbide. It is interesting to note that the 
activation energy for dielectric relaxation has the similar value of about 17,000 cal/ 
mole, suggesting that the moving complexes are of the same order of magnitude in 

the two processes. 
The temperature coefficient of the frictional force as derived from eqn. (2) is then 

given by eqn. (3): 
(QF/OT)» =—F log °° (3) 


This coefficient is always negative because of the high value of vy which, as estimated 
from Fig. 2, amounts to ro! cm/sec*. 


* The physical significance of vy is as follows: 
If / is the length of the jump executed by the moving complexes after successful activation, then 
v/A is the transition rate k, which may be written as 
Eag— yF 
k = ky exp — — = 
exe RT 


According to the rudimentary theory lined out above, kg should be the relevant vibrational fre- 
quency of the moving complexes. With 10-7 cmas a likely value of A, kg is 102 sec—! which is clearly 
too high by many orders of magnitude for this interpretation to be valid. The large value of k can 
be accounted for on the basis of a theory due to EyrinG, which considers activation in physical 
processes as a chemical reaction‘. In this theory, due consideration is given to the fact that the 
number of complexes having at any time the activation energy Eq is not solely proportional to the 
Boltzmann factor exp —Eq/RT but is also proportional to the ratio of the number of sites available 
to activated complexes to the number of sites at the disposal of not activated complexes. For this 
reason, the constant fy is actually the product of the vibration frequency and the ratio of sites in 
the two states. This ratio is introduced in Eyr1NnG’s theory as exp S/R; AS is called entropy of 
activation. A large ky accordingly indicates that there are many more possible sites for activated 
than for not activated complexes. This point has been discussed in detail by KauzMann2’, 
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Work on the velocity dependence of rubber friction so far referred to has been carried 
out at velocities not exceeding about 1 cm/sec. With higher velocities, sliding at 
constant tangential force becomes unstable, presumably because of the temperature 
rise due to dissipation of frictional energy. It then becomes necessary to reverse the 
technique and measure frictional forces at prescribed velocities. Experiments have 
been carried out which allowed the frictional temperature rise to be measured at the 
same time®. The slider was a thermocouple giving a geometric contact area of about 
I mm? which was pressed against a rotating rubber disc. Figs. 4(a) and (b) give the 
results obtained on an unfilled and a carbon black-filled compound of natural rubber. 
It will be seen that the initial increase of the coefficient of friction with increasing veloc- 
ity is not maintained at higher speeds but gives way to a gradual decrease. The load 
dependence of the coefficient of friction made evident in these graphs will be treated 
in detail in later sections. 

The considerable temperature rise is approximately proportional to the square root 
or the velocity. This dependence has been predicted theoretically by JAEGER® for very 
high velocity but appears to be valid for a wider range than given by JAEGER’s theory. 

It can be shown that the observed decrease of the coefficient of friction at higher 
velocities agrees qualitatively with the theory of rubber friction expressed by eqn. (2) 
if allowance is made for the simultaneous temperature rise. The comparison can be 
only qualitative because it is necessary to extrapolate from results obtained at veloc- 
ities below I cm/sec to velocities reaching 400 cm/sec. Assuming that the temperature 
rise obeys the relation 


Ai = cv v (4) 


suggested by the experimental evidence, and substituting eqn. (4) in eqn. (2), the 
frictional force is given by eqn. (5): 


yF = Eg— R(T, + eV) log ~° (5) 


where 7, is room temperature in the absolute scale. The shape of the curve predicted 
by eqn. (5) is shown in Fig. 4(c), which has been calculated with the following numerical 
values: Eg = 20,000 cal/mole, Ty = 300°K, c = 5 deg cm‘sec? and vg = 1018 cm secu}. 
This curve reproduces the salient features of the experimental curves, and it appears 
that the decrease of the coefficient of friction with increasing velocity can largely be 
attributed to the frictional temperature rise. 


III. LOAD DEPENDENCE OF RUBBER FRICTION ON SMOOTH SURFACES 


The views on the nature of rubber friction put forward in the preceding section imply 
that the frictional force is proportional to the true area of contact A, and thus conform 
with the theory of solid friction briefly reviewed in the inrropuction. The frictional 
force F is accordingly given by eqn. (6) 

Pipl (6) 
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Frictional force, arbitra ry scale 


100 200 300 400 
v cm/sec 


Cc 
Fig. 4. Frictional temperature rise At and coefficients of friction ws plotted against sliding velocity 
(a), on an unfilled vulcanizate of natural rubber; (b), on a natural rubber tyre tread compound filled 


with 45 p.p.h. MPC black, The average normal loads (g) are given in brackets. (c), theoretical velocity 
dependence of the frictional force, calculated from eqn. (5). Graphs (a) and (b) from ref.5, 
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and it will be assumed that velocity and temperature effects involve only the force 
factor p. In the absence of a yield pressure, it is not admissible to put A proportional 
to the normal load, as is done in the theory of solid friction where shape and size of 
the surface asperities are immaterial. An assumption has therefore to be made about 
the asperities on rubber surfaces which is conducive to treatment by theory or model 
experiment without being too far-fetched. From both points of view it is advantageous 
to approximate the rubber surface to an array of identical, closely spaced hemispheres 
of radius 7’. This model is meant to apply only to conventionally moulded samples. 
It is further assumed that the elastic behaviour of the rubber can, for the strains oc- 
curring here, be described by a single elastic constant E which will be defined presently. 
It follows from dimensional considerations that the true area of contact with an ideally 
smooth plane under the nominal pressure # must obey a relation of the form 


A =r? J cn (p/E)Bn (7) 


where the c’s and f’s are constants. A plotted against (p/E) should yield a universal 
curve for rubbers of different stiffness. The coefficient of friction derived from eqns. 
(6) and (7) is: 


fe = GE Een (P/E) (8) 


and no longer contains the radius ¢ of the asperities. 
Model experiments on the compression of large hemispheres’ have shown that the 
results fit quite accurately the equation 


A = const. p'/s (9) 


This simple relation agrees with the theoretical expression derived by HERTz® from 
classical elasticity theory for spherical contacts, eqn. (ro) 


On vals 
A = ee 7 (10) 


when the Poisson ratio has the value $ appropriate for rubber. L is the normal load. 
Eqn. (10) will be used to define the effective modulus E. 
The coefficient of friction resulting from eqns. (8) and (9) is then: 


p= (g/E)(p/E)“s (11) 


where numerical constants have been absorbed in the factor @. 

The asperities on rubber surfaces are, however, not isolated and do not deform in- 
dependently from each other but will jostle as they barrel out during compression. 
This will cause departure from eqn. (11), becoming more pronounced as the load in- 
creases and the asperities are squeezed into a solid block presenting a contact area 
depending only little on the load. This sequence of events has been followed by means 
of a second model experiment in which a square set of 25 small hemispheres was com- 
pressed under variable load. Fig. 5 shows the contact areas under 3 different pressures 
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a b Cc 
Fig. 5. Contact area of model rubber surface under 3 different pressures: (a), 2.14 kg/cm?; (b), 7.75 
kg/cm?; (c), 66.0 kg/cm”. Reduced 0.85 x. 


and demonstrates how the asperities at first deform without mutual interference, as 
is seen from the circular shape of their contact areas, but at higher loads close up finally 
into a blunted square pattern with little space left in the interstices. The areas of 
contact under the various loads have been measured, using only the inner 9 hemispheres 
as the outer hemispheres are subject to end effects. The area so determined, when divid- 
ed by the normal load and multiplied with the effective modulus FE of the model, 


E 
should according to eqn. (8) represent a universal curve of the product a ) when 


plotted against (f/E). This curve is shown in the logarithmic plot of Fig. 6. At values 
of (p/E) lower than o.1, the curve has been continued as straight line of slope —1/3 
well established by the model experiments with large single hemispheres. This pressure 
region may be called Hertzian region in contrast to the saturation range at higher 
pressures. 

The experimental points marked in Fig. 6 have been obtained on plate glass tracks, 
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Fig. 6. Load dependence of the coefficient of rubber friction on plate glass. Full line: theoretical 
curve determined by means of eqn. (11) and the model experiment of Fig. 5. A to D, dynamic 
friction at 0.00216 cm/sec. E, static friction. Values for A to D from ref.’?, for E from ref.9. 
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which may be considered ideally smooth compared with the rubber, and show the 
extent of agreement with the simple theory lined out above. The measurements carried 
out with compounds A to D were determinations of the coefficient of dynamic friction, 
the only arbitrary constant used in fitting the points to the curve being the force 
constant p. Table I gives details of E and @. 


TABLE I 
Compound E, kg/cm* @, kglem® 
A, unfilled natural rubber 8.88 5.07 
B, unfilled natural rubber 18.3 9.12 
C, unfilled natural rubber 20.9 12.59 
D, natural rubber filled 
with 50 p.p.h. HAF black 41.9 10.47 


The values for compound £ are coefficients of static friction replotted from a curve 
given by Turrion®. In this case, the modulus was not known and had to be adjusted 
to give best fit. The pressures employed in the dynamic friction experiments were 
not large enough to bring mutual interference of the asperities into play and cover 
only the Hertzian range. The theory is obeyed here until low values of (#/E) are reached 
where the coefficient of friction varies less with normal load than expected. THIRION’s 
static friction values reach well into the saturation range and agree with the theoretical 
curve. Higher pressures have been employed by DENNY”, who investigated the friction 
of a number of compounds on polished steel lubricated with olive oil. His results are 
given in Fig. 7 and show that at large normal loads the coefficient of friction is nearly 
inversely proportional to the pressure, in agreement with Fig. 6. 

Denny fitted his results to the empirical eqn. (12) the type of which had first been 
suggested by THIRION?®: 


1/uA = 1 + 15 (p/E,) (12) 
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Fig. 7. Coefficients of dynamic friction on polished steel lubricated with olive oil. Full curve cal- 
culated from eqn. (12). Figures marked against compounds are BS hardnesses. Velocity 0.01 cm/sec. 
From ref.19. 
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where Aisa material constant (not the area of contact!) and Z, the compression modulus. 
According to eqn. (12) the coefficient of friction becomes constant at low pressures. 

A serious departure from the theory on the load dependence of rubber friction as 
represented by the full curve in Fig. 6 occurs therefore only at low loads. It is suggested 
that this discrepancy arises from the fact that rubber asperities, even if they can be 
approximated to hemispheres, are not identical but statistically distributed in size. 
The influence of this inhomogeneity will be most pronounced at low normal loads when 
only the larger asperities are in contact with the track because on increasing the load 
the true area of contact increases at a greater rate than with identical asperities. A 
quantitative estimate of this effect can be obtained by assuming that the radii of the 
asperities have a distribution function /(r)dy becoming zero for a maximum radius 
ymax. At low pressure, where only the largest asperities are involved, the distribution 
function can be replaced by its tangent, say 


f(y)dr = const. (%max — v) dr (13) 


Assuming, furthermore, the validity of HERTz’s equations both for area of contact and 
compression of hemispheres, the calculation has the result that 


Hlow(p/E) = const. (p/E)~'; (14) 


ARCHARD?! has carried out a similar calculation, making the assumption that the 
asperities are identical hemispheres evenly distributed on different levels. The coeffi- 
cient of friction is in this case proportional to p~‘/. It will be seen therefore that any 
inhomogeneity of the rubber surface tends to reduce the pressure dependence of the 
coefficient of friction. It should also be borne in mind that macroscopically imperfect 
contact between rubber and track, which may easily occur under low loads, will affect 
the frictional behaviour in a similar way. This problem will be discussed in more detail 
when dealing with friction on rough surfaces. 

RATNER AND SOKOLSKAYA™ have suggested the following semi-empirical relation 
between the coefficient of static rubber friction and normal load L: 


HM = Me + A/Lh (15) 


where A and jo are material constants, and / is the Shore hardness divided by roo. 
At low loads, eqn. (15) gives a load dependence difficult to distinguish experimentally 
from that given by eqn. (14), but at higher loads eqn. (15) yields, when plotted logarith- 
mically, a curve convex against the log L-axis. In this essential respect, RATNER AND 
SOKOLSKAY4’s results differ from those obtained by Turrton, DENNY and the author. 
The divergence is connected with the postulation of a finite coefficient of friction Moo 
at infinite load, put forward by RATNER AND SOKOLSKAYA. We shall return to this 
point at the end of section 8, 
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TV. STRESS CONCENTRATIONS ON RUBBER SURFACES 


When rubber slides over a surface with asperities comparable to, or larger than those 
on the rubber local stress concentrations are produced and abrasion ensues. In treating 
this matter, a difficulty arises out of the great variety in shape and sharpness of the 
asperities to be expected on different tracks. In general, only small areas of the asperities 
will impinge on the rubber. It is known from solid geometry that a small region of any 
continuous surface can be approximated to an ellipsoid. Employing a sphere as model 
asperity would therefore not seriously restrict generality. When the load on each asper- 
ity is so high that puncture or appreciable penetration of the rubber occur, a cone 
may be chosen as representative asperity. 

Following such considerations, model experiments have been made in which rubber 
surfaces were scratched by a small hemisphere (1 mm diam.) and by a needle! under 
controlled conditions. Provision was also made for recording the instantaneous tractive 
forces. 

Examples of traces left by the blunt point on two different compounds are shown 
in Fig. 8. These photographs have been taken with oblique illumination from the right- 
hand side; the direction of sliding is downward. On the softer of the rubbers hardly 
any surface damage is created under a load of 25 g (a) but under 8o g a discontinuous 
trace is produced consisting of lateral tears across the track, one of which is seen in 
Fig. 8(b). Fig. 8(c), showing the same trace at lower magnification, demonstrates the 
periodic nature of the surface damage which has been attributed to a stick-slip mech- 
anism. The rubber adheres frictionally to the hemispherical point and is locally 
teased out in the direction of sliding until the elastic restoring force exceeds limiting 
friction and the rubber snaps back. The trace on the harder compound, Fig. 8(d), is 
similar in type but the tears are shallower, less regular and more closely spaced. It 
has not been possible to produce significant surface damage on carbon-loaded tyre 
tread compounds under the conditions of these experiments. 


Fig. 8. Traces of a blunt point moving downward on two unfilled vulcanizates of natural rubber 
with the following moduli: (a), (b) and (c), rr.5 kg/cm?; (d), 18.3 kg/cm2. Normal loads and magnifi- 
cations: (a), 25 g, 30 x; (b), 80g, 30 x; (c) 80g, 10 x; (d), 80 g, 30 X. Photographs (c) and (d) 
from ref.1%. 
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Fig. 9. (a). Photoelastic picture of stress distribution in rubber under tangential traction of frictional 
glider. rom ref.!%. 


Fig. 9. (b). Theoretical stress distribution produced by a line force on the edge of a semi- 
infinite solid. 
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The stress distribution producing tears like those shown in Fig. 8 has been studied 
by investigating photo-elastically the stresses around the area of contact in the 2- 
dimensional analogon, employing a cylindrical slider on transparent rubber!’. The 
result is shown in Fig. g(a). It will be seen that there is a stress concentration at the 
rear of the area of contact, as indicated by the close spacing of the isochromatics in 
that region. This stress concentration, occurring near a free surface, must be predom- 
inantly tensile in character. Any failure due to frictional stress would therefore 
be expected to consist in opening of tears behind the slider at right angles to the 
direction of sliding, as confirmed by the experimental evidence. 

The stress distribution of Fig. g(a) conforms qualitatively to classical theory. In 
plane strain a line force acting under any angle on the surface of a semi-infinite solid 
produces a pure radial stress distribution® 


@ 


2Lcos O 


4 0 


where ¢ is the distance from the point of application and @ is the angle between 0 
and the load L. The lines of equal stress are circles symmetrical to L and passing through 
the point of application. Fig. 9(b) reproduces this stress distribution for a coefficient 
of frictiou of 2; there is a striking similarity between Figs. g(a) and (b). 

Whether the stress concentration behind the slider reaches a critical value or not 
depends, other things being equal, on the bulk deformation produced by the slider, 
that is to say, on the relative magnitude of friction and stiffness. This may conveniently 
be expressed by the ratio m/E. The absence of tears from the trace of the blunt point 
on the stiff tyre tread sample is therefore not necessarily due to any superiority in 
tensile strength over that of a pure gum but may result from its higher modulus. 

When rubber is scratched with a needle the tractive forces are larger than in the 
case of a blunt point because of mechanical entanglement between rubber and needle. 
An important consequence of this difference is that surface damage caused by the 
needle can be more severe than blunt-point damage and lead to actual detachment 
of rubber particles; that is to say, the needle can effect primitive abrasion in its first 
passage over the rubber and therefore take the surface damage one step farther than 
the blunt point. Whether this occurs or not depends on the mechanical strength of 
the compound. 

A needle trace on the softer of the two unfilled vulcanizates of Fig. 8, shown in 
Fig. ro(a), is very similar to that left by the blunt point; the tear resistance of this 
compound is quite high and amounts to 7.12 kg/cm as defined by R1viin AND THOMAS”. 
The harder unfilled vulcanizate of Fig. 8(d) has the lower tear resistance of 4.56 kg/cm; 
as seen from Fig. 10(b) the needle here tears out elongated grooves, the trace giving 
the impression of an incipient scoring mark. The formation of these grooves is explained 
by the sketch in Fig. rr. The family of curves shown are originally equidistant reference 
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Fig. 10. Needle traces on 3 different vulcanizates of natural rubber. (a), unfilled, E = 11.5 kg/cm?, 
load 80g, magn. 13 x ;(b), unfilled, E = 18.3 kg/cm?, load 50g, magn. 30 x ; (c), filled with 50 p.p.h. 
MPC black, load 80 g, magn. 30 x. Photographs (a) and (b) from ref.14. 


lines marked on the surface of the rubber at right angles to the direction of motion. 
Their subsequent distortion indicates the strain distribution around the entangled 
needle. Although the stress concentration is highest in front of the needle, no 
cutting occurs here because failure is prevented by frictional adherence around 
the circumference of the needle. The rubber tears instead where it first loses 
contact with the needle, the tears proceeding roughly at right angles to maximum 
stress, along the dotted lines. After the needle has passed and the rubber relaxes, 
the region around the tears turns back through almost go° and thus gives rise to the 
grooves seen in Fig. ro(b). It may be mentioned in passing that this interpretation of 
needle traces provides also the reason why it is difficult, if not impossible, to cut soft 
rubber cleanly with a dry knife blade. 

The needle trace on a reinforced compound shown in Fig. (roc) differs from all 


Fig. 11. Diagrammatic representation of two stages in the deformation of a rubber surface by a 
needle. The shaded circle is the cross-section of the needle. 
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other traces in being continuous but is otherwise similar to that shown in Fig. ro(b). 
It has been pointed out in the original publication™ that a needle trace will be continu- 
ous when the ratio of elastic to frictional forces exceeds a certain critical value. 

The exceptional behaviour of reinforced rubber both with regard to blunt-point and 
to needle traces has been attributed to their greater stiffness. It would, however, be 
premature to draw conclusions from these model experiments as to the abrasion re- 
sistance of filled rubbers. The reason why the results cannot be applied without provisos 
will be discussed in the following section. 


V. THE SURFACE CONDITION OF ABRADED, FILLED RUBBER COMPOUNDS 


Fillers increase the stiffness of rubber in various degrees depending on quantity 
and quality of the fillers, the best known of which are carbon blacks. Whatever the 
filler, most of the stiffening is lost by previous deformation. The phenomenon has been 
studied by Mutiins!® and more recently by MULLINS AND ToBIN!”. Once a filled 
compound has been pre-stressed, its modulus is lower than that of the virgin material 
at all stresses lower than the pre-stress. The absolute value of the modulus and the 
stress-strain curve of pre-stressed filled rubber resemble those of unfilled rather 
than filled compounds. If the abrasion process goes hand-in-hand with the continuous 
production of large local stresses of the kind suggested by the scratching experiments, 
the effective stiffness of the surface of filled rubbers should be affected in a similar way. 
It has therefore been assumed!* that the surface of abraded filled rubber compounds 
is covered by a thin, constantly renewed skin the elastic properties of which are not 
materially different from those of unfilled vulcanizates. For this reason, it would not 
be appropriate to equate the stiffness effective in the abrasion mechanism with the 
conventionally determined stiffness of fresh samples. 

The existence of the top layer on abraded samples has been demonstrated by means 
of another pre-stressing phenomenon which in carbon black-filled compounds runs 
parallel with the softening effect. Black-filled compounds when new have a relatively 
low electrical resistance which, however, increases rapidly on deformation. This effect 
has been interpreted as being due to the breakdown of an originally existing carbon- 
black structure. The postulated soft skin on abraded black-filled rubbers should there- 
fore also be distinguished by high electrical resistance. Experiments’? have been made 
in which both new and abraded samples slid over a smooth metal track whilst the 
resistance between track and sample was determined. The result of measurements 
carried out with a typical tyre tread compound of natural rubber filled with 50 p.p.h. 
of HAF black at two low-frequency alternating voltages is shown in Fig. r2, where 
impedance is given as function of the sliding time. The impedance of the new sample 
rises sharply on setting the apparatus in motion and reaches a steady-state value about 
four times higher than the original figure. There is no significant difference between 
the impedances at the two different frequencies. After abrasion, the impedance has 
become frequency-dependent and its equilibrium value has, compared with the 
fresh sample, risen about 6.5 times at rro sec™*, and about 26 times at 2r sec}. 
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Fig. 12. Impedance changes during sliding of a carbon black-filled natural rubber vulcanizate 
plotted against sliding time. (a), new sample; (b) and (c), abraded sample. Velocity, 0.00216 c/sec. 
From ref.}9. 


The initial increase of the impedance of the fresh sample is due to deformation of 
the rubber asperities which are sheared during sliding. The frequency-dependence of 
the impedance after abrasion indicates that the current through the sample has a large 
capacitive component. The interpretation of this result is that structure breakdown 
in the surface layer has gone so far that the filler particles are almost completely isolated 
from each other. The layer has, for practical purposes, become a dielectric. That this 
effect is really due to changes in the surface and not in the bulk of the sample can be 
shown in the following way. 

If, instead of applying an alternating voltage, a direct voltage is connected across 
the sample, the direct current voltage drop is concentrated in the surface skin and, 
the layer being thin, should produce a high electric field strength. This, in its turn, 
should give rise to electrostatic attraction between sample and track, increase the 
normal load and therefore also the frictional force. This expectation has been borne 
out by experiment as can be seen in Fig. 13. Moderate voltages suffice to increase the 
frictional force considerably, thus giving independent proof of the existence of an 
inhomogeneous layer on top of the sample. The time effects shown in Fig. 13 are 
discussed in the original publication. 

An estimate for the thickness of the layer can be obtained from the increase in fric- 
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Fig. 13. The effect of d.c. potentials on the frictional force of an abraded, carbon black-loaded 
sample. Abscissa, sliding time. From ref.!9. 


tional force under the influence of the applied d.c. potential difference if an assumption 
is made on the dielectric constant of the layer. The calculation has shown that the 
order of magnitude of the layer is ro~? cm. 


VI. INTRINSIC ABRASION 


To judge from the preceding section, no distinction need be made between filled 
and unfilled rubbers ifa picture of the abrasion mechanism is deduced from our scratch- 
ing experiments. The qualitative difference in surface damage on filled and unfilled 
compounds observed during that investigation can be attributed to the fact that it 
was carried out with samples which had undergone no pre-stressing effects. 

Bearing these considerations in mind, a theory of abrasion has been built up on 
the results illustrated by Fig. 8. It has been assumed that tears across the path of 
track asperities are the first and, at the same time, rate-determining stage in the abra- 
sion process, the detachment of the abraded particle during subsequent passes of the 
abrasive over the tear being governed by a mechanism similar to that discussed in 
connection with Fig. rr. The volume of the abraded particle has been taken to be 
proportional to the cube of the length of the original tears. Inspection of the photo- 
graphs in Fig. 8 indicates that these tears are of the same order of magnitude as the 
width of the trace. It has therefore been assumed that length of tear and diameter of 
the area of contact are proportional to each other so that it only remains to determine 
the area of contact under various conditions. Model experiments in which a number 
of compounds have been indented by a large sphere have shown that the diameter of 
contact a follows to a good approximation the cube root law 


a = const. p'/s (16) 


which has also been found valid for the compression of rubber spheres. It follows from 
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eqn. (16) and dimensional considerations that the abrasive wear W per unit area of 


sample should be given by eqn. (17): 


W = const. r(p/E) (17) 


where sis the radius of curvature at the tip of the abrasive grain. According to eqn. (17), 
rubber abrasion should increase linearly with increasing normal load. 

When attempting to verify experimentally a theoretical load dependence of rubber 
abrasion, care must be taken to avoid contamination of the track by impurities issuing 
from the rubber. As in the case of friction experiments previously referred to, this can 
be achieved by acetone-extraction of the samples. The erratic nature of the results 
obtained otherwise is illustrated by Fig. r4. Two tyre tread samples of natural rubber 
one of which had been extracted, were repeatedly abraded each on its own track of 
60 cm length. Under a load of 2.14 kg, the rate of abrasion of the extracted sample re- 
mained reasonably constant but the rate of the not-extracted sample decreased steadily 
to very low values. The track became progressively darker in the process. Under the 
higher load of 8.14 kg, the rate of abrasion of the extracted sample decreased slightly 
but the abrasion of the not-extracted sample increased considerably, whilst a gradual 
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Fig. 14. Variations in the rate of abrasion of a not-extracted and an extracted natural rubber vul- 


canizate filled with 50 p.p.h. MPC black when usin ili 1 
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clearing of this track was observed. In this latter case the sample appeared to function 
like a rubber eraser. In general, it has been found that contamination of the track 
becomes progressively more serious with decreasing rate of abrasion. It also tends to be 
more troublesome with synthetic than with natural rubber. 

The results given in Fig. r5 have been obtained with flat extracted and vacuum-dried 
samples on fresh abrasive (Garnet paper with a mean grain size of 0.13 mm). Further- 
more, the direction of abrasion was reversed after each run of 64 cm in order to prevent 
the formation of so-called abrasion patterns which are the subject of the following 
section. Abrasion taking place under these conditions will be called “‘intrinsic’’ abra- 
sion. Fig. 15 shows that the proportionality of intrinsic abrasion and normal load 
given by eqn. (17) is confirmed by experiment. 
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Fig. 15. Intrinsic abrasion plotted against normal pressure. Compounds : A, Krylene ( 
filled ith 50 p.p-h. HAF black; B to D, natural rubber filled with: B, 50 p-p-h. HAF black; C, 
75 p.p-h. fine thermal black; D, 130 p.p.h. Pattinson’s activated CaCO . Velocity, 0.66 cm/sec. 
From ref.1%. 


Eqn.(17)predictsalso that abrasion shouldbe proportional to the radius of curvature of 
the grain but independent of its size. Two distinct possibilities arise here. In the case of 
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polyhedral grains of different grade there is no a priori reason why the sharpness of the 
corners should be affected by their size so that abrasion should be independent of the 
coarseness of the abrasive. This conclusion has been tested by carrying out abrasion 
experiments on garnet papers of different grades; the result is given in Table II. 


TABLE II 


Suey) 4 . ; 13 
ABRASION IN 10-8 cm3/m,cm2 ON GARNET PAPER OF DIFFERENT COARSENESS. (From ref.'*.) 


Grain size, mm 0.13 0.29 0.63 


Normal pressure, kg/cm* 0.53 1.84 0.53 1.84 0.53 1.84 


Natural rubber with 


50 p.p-h. HAF black 1.60 6.09 1.76 6.82 1.81 8.97 
Natural rubber with 75 p.p.h. 

fine thermal black 2.00 10.05 2.97 12.05 3123 13.70 
Krylene with 50 p.p.h. HAF 

black teas 5.96 1.83 7.50 re 10.10 


Table II shows that whilst abrasion is not strictly independent of the coarseness of 
the abrasive, an almost fivefold increase in grain size leads in the worst case to no more 
than 70% increase in abrasion. 

In contrast to polyhedral grains, wear on abrasive surfaces which can be approxim- 
ated to close-packed spheres should be proportional to the grain size. Such abrasives 
are not available but road surfaces may fall into this category. A few experiments 
have been made on concrete roads of different roughness and it has been found!*® that 
in this specific instance abrasion on a coarse track was almost four times higher than 
on a smoother track. Although it was not possible to make a quantitative comparison 
between the two roughnesses, the result confirms that the laws of abrasion depend in 
part on the nature of the track. 

The tests of the theory of intrinsic abrasion discussed so far concern only the influence 
of external parameters on the rate of abrasion. An important test of any theory must 
be whether it allows the relative intrinsic abrasion resistances of any two compounds 
to be predicted from their physical properties. In this respect only broadly qualitative 
relations have been ascertained up to now. It has been pointed out in section rv that 
the original tears assumed to be the dominant factor in abrasion resistance are due to 
tensile failure. Abrasion should therefore increase with decreasing tensile strength. 
According to eqn. (17), abrasion should also increase with decreasing stiffness. It is 
interesting to note in this context that in empirical attempts”? to correlate abrasion 


with physical properties it has been found possible to establish correlation equations 
of the type 


W = a) + a, X Shore hardness + a, X tensile strength 


Where do, 4, and a, are constants. Statistical work of this kind does not, of course, 
involve a physical picture of the abrasion process. 
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In assessing relative abrasion values from tensile strength and stiffness, two quali- 
fications must be taken into consideration. The stiffness operating in abrasion is that 
of the highly prestressed top layer which is lower than that of the bulk material. Second- 
ly, because of the small scale of the elementary abrasion process the local rates of elong- 
ation are very high. If for example the contact area between abrasive grain and rubber 
is about 1/100 mm in diameter, a sliding velocity of 1 cm/sec will give a rate of extension- 
to-break of about 100,000%/sec. At such rates, tensile strength may appreciably differ 
from that determined by conventional methods. GREENSMITH?! has recently studied 
the variation of tensile strength with rate of elongation of rubber compounds 
and has found that the tensile strength of unfilled GR-S increases pronouncedly with 
increasing rate of elongation. This compound offers therefore an opportunity to inves- 
tigate the connection between tensile strength and abrasion on one and the same com- 
pound by carrying out abrasion experiments at varying velocity. The result of such 
measurements and GREENSMITH’s data are given in Fig. 16. In the 1,000-fold range of 
velocities covered, tensile strength as function of rate, and intrinsic abrasion resistance 
(assessed here as the reciprocal of abraded weight for a given track length) as function 
of velocity obey the same power law within the limits of experimental error. This result 
appears to be confirmatory evidence for the close connection between tensile strength 
and intrinsic abrasion. 


(Omamio= 1 10 100 
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Fig. 16. Logarithm of the intrinsic abrasion resistance in mg! plotted against sliding velocity, and 


logarithm of tensile strength in kg/cm? plotted against rate of elongation of an unfilled Crs vul- 
canizate. Full points: intrinsic abrasion resistance (a.r.) . Tensile strength data from ref.*?. 


VII. THE ABRASION PATTERN 


When rubber is abraded without change of direction, sets of parallel ridges are often 
found on the surface of the samples at right angles to the direction of motion which 
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have been called “‘abrasion patterns’’!8. Four examples are shown in Fig. 17. These 
particular photographs have been obtained during experiments carried out under 
laboratory conditions on actual road surfaces, where for reasons to be discussed present- 
ly the phenomenon is more readily produced than on commercial abrasives. Ante 
advantage of working on road surfaces is that the need for extraction is largely obviated 
since road dust prevents the worst effects of smearing. The action of the dust is not 
understood in detail but appears to be similar to that of pounce. 


Fig. 17. Abrasion patterns on two different carbon black-filled vulcanizates of natural rubber. 
(a) and (c), 45 p.p-h. HAF; (b) and (d), 25 p.p.h. HAF. Tracks: (a) and (b), fine tarmac; (c) and (d), 
coarse concrete. Direction of abrasion upward. Magn. 10.8 x. 


Fig. 17 exhibits clearly two of the relevant characteristics of abrasion patterns. 
Their intensity increases with increasing coarseness of the track, and it also increases 
with decreasing stiffness of the compound, A third, and possibly the most important 
property of abrasion patterns is that they increase the rate of abrasion. This has been 
shown by the following experiment. Two samples of the same compound were abraded 
on the same track but only one was allowed to develop a pattern. On the other sample, 
formation of pattern was prevented by periodically changing the direction of abrasion 
by go°. In other words, the comparison sample underwent only intrinsic abrasion. The 
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rates of abrasion in the two series of measurements are shown in F ig. 18 as function 
of the length of the abrasive path. As seen from curve (a), the rate of abrasion at con- 
stant direction increases for a considerable time before becoming constant and the 
pattern has fully developed. In intrinsic abrasion, curve (b), only little change occurs in 
the initial stages of the experiment and the final value of the rate of abrasion is lower 
than that of the sample on which a pattern has formed. 


Fig. 18. Rate of abrasion of an unfilled vulcanizate of natural rubber plotted against distance 
travelled. (a), sample abraded in constant direction; (b), direction of abrasion changed by 90° every 
50 cm. Track: silicon carbide cloth. From ref.}8. 


The explanation of the additional wear caused by abrasion patterns emerges from 
an examination of their profiles. Cross sections through two different abrasion patterns 
are reproduced in Fig. 19 and show, first of all, that the phenomenon as it occurs on 
tyres resembles in all essentials its laboratory-produced counterpart. The saw teeth 
seen in both profiles point against the direction of abrasion. When moving over track or 
road, they are bent backward, thus exposing their underside to abrasion and protecting 
from abrasion part of the surface in their rear. This gives rise to the peculiar “‘under- 
cutting”’ effects. The teeth wear progressively thinner until the crests are bodily torn 
off leaving blunt edges, some of which are seen in Fig. 19. In the meantime, the ridges 
continue to grow out of the underlying bulk material and the pattern is to a certain 
degree self-perpetuating. When keeping a pattern under observation during an abrasion 
experiment, it is found that it maintains its general configuration for short times but 
moves as a whole across the surface in the direction of abrasion!®. The reason is that 
the attack of the abrasive on the rubber has, as it were, a forward component. 

Because of the great difference in scale between the size of the particles coming off 
in intrinsic abrasion and the almost macroscopic size of the crests seen in Fig. 19, the 
additional volume loss due to abrasion patterns can constitute a significant proportion 
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ABRASION ——— 


(b) 


Fig. 19. Profiles of abrasion patterns: (a), unfilled vulcanizate of natural rubber, abraded under 
1.6 kg/cm? on silicon carbide cloth, magn. 5 x ; (b), worn tyre surface, horizontal magn 30 x, 
vertical magn. 42.5 x. From ref.18. 


of the total abrasive wear. This contribution to abrasion will be referred to as “pattern 
abrasion’. 

As different compounds have different propensities to pattern formation, the relative 
abrasion rating of given rubber samples depends, in the presence of abrasion patterns, 
on the intensity of the patterns, and no generally valid figure can be assigned to it. 
A rating can be quoted only for a given test or for given conditions of wear. This is 
clearly shown by the relative abrasion figures obtained for the two samples shown in 
Fig. 17. The intrinsic abrasions of these compounds are very nearly equal but once a 
pattern has developed on them, the abrasion of the softer compound is higher than the 
abrasion of the harder compound, as shown in Table III. 


TABLE III 


RATIO, IN %, OF THE ABRASION OF A NATURAL RUBBER COMPOUND FILLED WITH 25 p.p.h. HAF BLACK 
TO ABRASION OF A COMPOUND FILLED WITH 45 p.p-h. HAF BLACK ON DIFFERENT TRACKS (see Fig. 17) 


Intrinsic abrasion 100 
Fine tarmac 114 
Coarse concrete 135 


With equally developed patterns, the relative rates of pattern abrasion may be 
expected to depend on the mechanical strength of the rubber. Comparison with experi- 
mentally determined strength data should in principal be easier here than in the case 
of intrinsic abrasion since the larger scale of the phenomenon reduces the rates of strain 
by several orders of magnitude. An example of similar-sized patterns giving different 
relative rates of pattern abrasion is provided by carbon black-filled compounds of 
natural rubber and GR-S. Abrasion patterns produced on these compounds when sliding 
over different road surfacings are shown in Fig. 20. This set of photographs indicates 
certain differences in the appearance of the abraded surfaces which may be due to 
different mechanisms of failure operating on the two compounds. 
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(d) 


Fig. 20. Abrasion patterns on vulcanizates filled with 50 p.p.h. HAF black. (a), (b), and (c), natural 
rubber, (d), (e) and (f), GR-S (Krylene). Tracks: (a) and (d), fine tarmac; (b) and (e), concrete; 
(c) and (f), coarse tarmac. Direction of abrasion, upward. Magn. 10.8 x. 


The corresponding relative abrasions are given in Table IV. 


TABLE IV 


RATIO, IN %, OF THE ABRASION OF A GR-S (KRYLENE) COMPOUND FILLED WITH 50 p.p.h. HAF 


BLACK TO THE ABRASION OF A NATURAL RUBBER COMPOUND FILLED WITH 50 p.p.h. HAF 
BLACK ON DIFFERENT TRACKS (see Fig. 20) 


Intrinsic abrasion 94 
Fine tarmac 107 
Concrete Tec 
Coarse tarmac 138.5 


The mode of mechanical failure in pattern abrasion has not yet been definitely 
established but is thought to be intermediate between tensile break and tear propaga- 
tion. The tensile strength of the GR-S mix is slightly lower than that of the natural 
rubber compound, the values being respectively 222 kg/cm? and 241 kg/cm?. As for 
the resistance to tear propagation, the author has carried out a few measurements under 
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the following conditions. A “‘simple extension’”’ (‘‘trousers’’)!° tear test piece was period- 
ically loaded with an adequate weight until the sample was torn through. The number 
of cycles necessary to achieve this was taken to be a measure of resistance to tear prop- 
agation. The samples were 1 mm thick and 2.54 cm wide, the weight was 414 g and 
the period of the loading cycle 0.82 sec. When starting the tear, the load was applied 
for 0.36 sec during each cycle but this time decreased to about 0.14 sec when the tear 
was completed. Table V gives the results obtained with the two compounds referred 
to in Table IV. The total length of the tear was 10.5 mm. 


TABLE V 


NUMBER OF CYCLES TO FAILURE IN TEAR PROPAGATION 


Natural rubber GR-S (Krylene) 
filled with 50 p.p.h. HAF filled with 50 p.p.h. HAF 
Sample No. 1 7800 1420 
2 gi20 48 
3 8760 117 
4 8920 2040 
mean 8650 922 


In spite of the considerable scatter of the GR-S values, the better resistance to tear- 
propagation of natural rubber under the conditions of this experiment appears to be 
well established. No general applicability is claimed for the particular numerical values 
in Table V, but it will be seen that the observed difference in pattern abrasion on natural 
rubber and GR-S compounds agrees qualitatively with the differences in mechanical 
strength thought to govern pattern abrasion. Similar results have been obtained with 
other synthetic rubbers. 

A simple theory of abrasion patterns has been developed in close connection with 
the theory of intrinsic abrasion!’. The profiles of abrasion patterns shown in Fig. 19 
make it clear that the phenomenon must begin with part of the abraded rubber surface 
being pulled out and elongated in the direction of abrasion. It has been suggested that 
this initial step is facilitated by lips of the type seen in Fig. 8(b) which are thrown up 
behind tears across the track of an abrasive grain. Because of inhomogeneities of the 
material or because of high pressure exercised by exceptionally tall grains, some of these 
tears and lips will be larger than the average. As the abrasive passes over the lips and 
stretches them out they will cover one or more tears in their rear and protect them 
from further damage before the lips retract. Thus a linear periodic structure is initiated 
which, however, does not yet constitute an abrasion pattern because of the lack of 
lateral alignment. When abraded rubber surfaces are examined during early stages 
of pattern development, such incipient formations are indeed observed as shown in 
Fig. 2r(a). These fragmentary abrasion patterns must be expected to migrate across 
the surface in the same way as complete patterns but the rate of migration is subject 
to random effects and occasionally two ridge segments come abreast and line up with 
respect to each other. The development of the pattern is therefore a relatively slow 
process; its growth is illustrated by the remaining photographs in Fig. 2r. 

References p. 417 


VOL. 1 (1957/58) FRICTION AND ABRASION OF RUBBER 4II 


Fig. 21. Development of an abrasion pattern on an unfilled vulcanizate of natural rubber. Track: 
garnet paper. Distance travelled: (a), 120 cm; (b), 180 cm; (c), 240 cm; (d), 420 cm; (e), 720 cm; 
Magn. 10.8 x. 


For this mechanism to function, the stiffness of the rubber must be low enough to 
allow elongation of sufficient magnitude to occur under the tangential stress produced 
by the asperities of the abrasive. The original modulus of filled compounds of the tyre 
tread type is too high for this purpose and a pattern develops on such samples only 
after a softened top layer has been created by pre-stressing. If the rate of abrasion is 
high, this surface skin is worn away as soon as formed, and it becomes difficult to 
produce an abrasion pattern under these conditions. This point is illustrated by Fig. 22. 
A typical tyre tread compound of natural rubber was abraded under otherwise identical 
circumstances on garnet and emery paper. Abrasion on the garnet being rapid, only 
vestiges of an abrasion pattern are formed, whereas a pronounced pattern develops 
on the blunter emery paper. Similar effects have been observed when comparing rubber 
surfaces abraded on fresh and repeatedly used specimens of the same abrasive. This 
is also one of the reasons why abrasion patterns form with greater ease on road surfac- 
ings with their low rate of wear than on commercial abrasives. 

Another reason for restricted development of patterns on abrasives is that when the 
ridges become comparable in size with the dimensions of the abrasive grain, the shape 


(a) oe | 
Fig. 22. Surface of a natural rubber vulcanizate filled with 50 p.p.h. HAF black abraded: (a) on 
garnet paper; (b), on emery paper. Magn. 10.8 x. From ref?) 
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a PEM . 
Fig. 23. Surface of a natural rubber vulcanizate filled with 50 p.p.h. HAF black abraded on garnet 
paper (a), illumination parallel to the direction of abrasion; (b), at right angles to the direction of 
abrasion. Magn. 10 x. 


of the grains becomes important. In the case of filled rubbers there is a tendency for 
the abrasive particles to plough through the ridges and produce scoring marks. This 
effect is shown by the photographs in Fig. 23 which are two pictures of the same abraded 
rubber surface; the only change made when taking the photographs was to alter the 
incidence of the illumination. In case (a), the light was parallel to the direction of 
abrasion and shows up a well defined if not very intense pattern; in case (b), where the 
light was at right angles to the direction of abrasion, only scoring marks are seen. 
Because of the lack of continuity in the ridges, such a pattern may be called a “‘pseudo- 
abrasion pattern’. In general, no scoring marks can be discovered on road-abraded 
rubber surfaces. 

In the previously published theory of abrasion patterns® it has been assumed that 
their spacing depends only on the size of the lips from which they originate. This lip 
being solely determined by the length of the tear, it has been deduced that the spacing 
Sp is given by eqn. (18): 

Sp = const. (E y d?)\"'s (18) 


where 7 is the radius of curvature of the abrasive grain at the point of contact and d, 
the size of the grain. Eqn. (18) has been tested both as to load and grain-size dependence 
by experiments on a commercial abrasive (garnet paper) and has been found to repre- 
sent the experimental findings remarkably well. Fig. 17 shows, however, that eqn. (r8) 
will not adequately describe patterns produced on road surfaces. 

The difference in the spacings of the pattern on the two compounds of different 
stiffness shown in this figure is larger than predicted by eqn. (18) according to which 
the spacing should be proportional to the inverse cube root of the modulus. The ratio 
of moduli of these 2 rubbers is 1.85, giving a theoretical ratio of spacings equal to only 
1:1.225. The difference in stiffness of the abraded surfaces will actually be even smaller 
than 1.85 because of pre-stressing effects. 

It is suggested that on road surfaces or generally on abrasives with grains of large 
radius of curvature the asperities instead of cutting through the ridges glide over them 
and elongate them by friction. The spacing is then determined by the equilibrium of 
frictional and elastic restoring forces. It is shown in the next section that the frictional 
force fy of a spherical grain with the diameter d is given by the equation (20) 

Fj = const. p d? (p/E)'/s 
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Assuming, furthermore, Hooke’s law to hold for the local elongation, the retractive 
force J’, must be given by a relation of the form 


Fy = const.saE 


where s is the spacing and a, the diameter of the area of contact. Substituting for a 

from eqn. (16) and equating /’;and F, results in the following expression for the spacing : 
fees 

s = const. 2 a(2) (19) 


E 


where d is the diameter of the close-packed spherical abrasive grains. This equation 
gives a stronger dependence of the spacing s on both modulus and pressure than 
eqn. (r8), but in practice it is difficult to draw a sharp dividing line between the two 
cases, as is seen from the experimental results given in Table VI. 


TABLE VI 


SPACINGS OF ABRASION PATTERNS PRODUCED ON TARMAC. 
NATURAL RUBBER VULCANIZATES FILLED WITH CARBON BLACK 


Spacing (mm) 
Filler content Filler content " 
25 p.p.h. HAF 45 p.ph. HAF 
Pressure, 0.66 kg/cm? 0.260 0.155 1.68 
Pressure, 2.68 kg/cm? 0.470 0.212 5PM 
Yp 1.80 tas 


In this table, 7p is the ratio of the spacings at the two pressures. Its theoretical value 
is, according to eqn. (r8), (2.68/0.66)/» = 1.595, and according to eqn. (19), (2.68/0.66)"/* 
= 2.18. The ratio of the spacings on the two compounds is 7-. Assuming, as a guide, 
that the ratio of the moduli is 1.85, 7- is, after eqn. (18), (1.85)'/s = 1.225 and after 
eqn. (19), 1.35""/s = 2.604. It appears therefore from the limited experimental evidence 
that the influence of the frictional force on the development of patterns gains in im- 
portance as the stiffness decreases and the pressure increases. 

It should finally be mentioned that abrasion patterns can have considerable diag- 
nostic value when determining the mode of wear taking place under conditions not 
accessible to direct observation. This applies particularly to tyres where the relative 
motion between tyre and track can be deduced from abrasion patterns?’, 


VIII. FRICTION ON ROUGH SURFACES 

Abrasion of rubber as envisaged in the preceding sections is a consequence of local 
frictional stresses set up by the asperities of the track and does not, in contrast to solid 
friction, react on the frictional forces. Friction on rough surfaces can therefore be treated 
by methods similar to those employed for friction on smooth surfaces, without 
regard being paid to any mechanical failure ensuing in the wake of the track asperities. 

No calculation is necessary to see that the coefficient of friction is lower on a rough 
than on a smooth surface because of the smaller area of contact. This is shown by the 
following data obtained with an extracted sample of a natural rubber tyre tread com- 
pound on glass ground with silicon carbide of different grade. 
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TABLE VII 
COEFFICIENT OF FRICTION ON GROUND GLAss. (From ref.*4) 
Diameter of silicon Plate glass 0.042 0.067 O.141 
carbide grain, mm 
Coefficient of friction 2.79 1.48 1.36 1220 


The essential difference between rubber friction on smooth and rough surfaces lies, 
however, in their load dependence. The reason for this divergence is that on a rough 
track both the true and the apparent area of contact depend on the load. A quantitative 
estimate of the effect can be derived from the model employed in the theory of intrinsic 
abrasion. The tips of the track asperities are again taken to be spherical and large com- 
pared with the rubber asperities. Gross deformation of the rubber by the track asperities 
is assumed to obey Hertz’s equations for spherical contacts, and the true area of contact 
contributed by each rubber asperity to be proportional to (f7/E)*/s, where fy is the 
local pressure. The calculation has the result that the frictional force produced by a 
track asperity is 


Fy = o(p/E)*ls ds rls (20) 
and 


ju’ = const. + (r/d)*ls (p/E)—*!s (21) 


where ¢ is the radius of curvature and d, the size of the track asperities. The relation 
(21) was first proposed in a slightly different form by LINCOLN®>. 

Eqn. (20) has been confirmed experimentally!* with a number of compounds at 
pressures up to about 2.5 kg/cm?. Fig. 24 gives the coefficient of friction of three 
different compounds on silicon carbide paper at pressures up to nearly to kg/cm?. At 
higher pressure, eqn. (21) fails, the coefficient of friction decreasing more rapidly with 
increasing pressure than predicted. The reason for this discrepancy is in all probability 
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Fig. 24. Logarithms of coefficients of friction on silicon carbide paper, grade 180, plotted against 
logarithm of normal pressure. (a), unfilled vulcanizate of natural rubber; (b), vulcanizate of natural 


rubber filled with 50 p.p.h. HAF black; (c), vulcanizate of GR-S (Kryl fill 1 
HAF black. Velocity, 0.00212 cm/sec. Meee St alae 
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a b 
Fig. 25. Frictional force during start of motion. The amplitude of the envelope is a measure of 
the tangential force. Normal pressure, 1.28 kg/cm. (a), unfilled vulcanizate of natural rubber; 
(b), natural rubber filled with 50 p.p.h. HAF black, 


c d 
Fig. 25.(c), vulcanizate of GR-S (Krylene) filled with 50 p.p.h. HAF black; (d), as (c), but sample 
loaded with 2.23 kg/cm? for 5 minutes before the experiment. Track: garnet paper, grain size 
0.29 mm. 


a saturation effect similar to that demonstrated in Fig. 5 for the case of flat contacts. 
In addition to mutual interference between rubber asperities, saturation can here be 
produced by the rubber filling the gaps between the track asperities (DENNY”). 

It is at times observed that the force necessary to start a sample on a rough track 
is greater than the force of dynamic friction sufficient to keep it in motion. This pheno- 
menon of “starting friction” has been investigated in a number of experiments. The 
time dependence of the tangential force was recorded during the starting period, the 
deflection of the dynamometer having been converted into the out-of-balance current 
of a 2000 sec! alternating current bridge. Representative results are the oscillograms 
in Fig. 25, which show the envelope of the out-of-balance current as function of time 
(from left to right). With the unfilled natural rubber vulcanizate (a), the force rises 
monotonously until the sample begins to move and the force becomes constant, but 
when the compound is filled with 50 p.p.h. HAF black (b) the frictional force passes 
through a slight maximum at the start. This effect is more pronounced with the 
black-filled GR-S compound (c). The transition from rest to motion is here accompanied 
by a vibration which takes some time to die out. The excess of starting friction over 
dynamic friction increases with the time the sample has been in contact with the 
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track. It can also be increased by keeping the sample under a high load before starting 
the experiment, as shown by the oscillogram Fig. 25(d). Table VIII gives typical 
numerical results. 

TABLE VIII 


EXCESS OF STARTING FRICTION OVER DYNAMIC FRICTION ON GARNET PAPER, GRAIN SIZE 0.29 mm 
Normal pressure, 1.28 kg/cm? 


Nat. Nat. rubber The same, after Krylene, The same, afler 
Compound rubber 50 p.pa. HAF go min 50 p.p.h. HAF 5 min under 
no filler under load 2.23 kg/cm? 
Excess, % fe) Fpl 15.5 33:3 57.8 


Noticing the absence of the effect in unfilled natural rubber, the conclusion drawn 
from these results is that starting friction on rough surfaces is due to plastic deformation 
of the sample by the track asperities, producing permanent set. At the beginning of 
movement, work must be done in deforming the rubber which has sagged down into 
the interstices between track asperities. In practice, starting friction will be difficult 
to distinguish from static friction, and it is possible that the finite coefficient of static 
friction at infinite normal load found by RATNER AND SOKOLSKAYA} is a mechanical 
hindrance effect similar in character to starting friction. It is interesting to note in 
this context that in a recent publication?® RATNER AND LAVRENT’EV have indepen- 
dently demonstrated the difference between starting friction and static friction. 

The occurrence of starting friction indicates the possibility of a negative velocity 
coefficient of rubber friction and can therefore under certain conditions induce in- 
stabilities during sliding. Stick-slip phenomena are, in fact, often encountered in friction 
experiments with filled GR-S compounds. Starting friction may also have important 
consequences when rubber is subjected to intermittent sliding, as, for example, on the 
circumference of tyres. 


IX. CONCLUSIONS 


The work reported in this paper is a first attempt to elucidate some of the most im- 
portant factors governing friction and abrasion phenomena. Very idealized models had 
to be chosen in order to reduce the difficulties inherent in the subject to manageable 
proportions, and at best only semi-quantitative agreement between theory and experi- 
ment can be expected. Within these limits, the assumption that local stress concentra- 
tions produced by frictional traction are the cause of abrasion has been justified by 
the available evidence, abrasion thus emerging as a purely mechanical process. In 
coming to this conclusion, the origin of frictional forces has been completely divorced 
from abrasion but the existence of starting friction, discussed at the end of the last 
section, throws doubt on the general validity of this hypothesis. If mechanical entangle- 
ment can play a significant role in rubber friction, effects similar to those produced 
when scratching rubber with a needle may be of greater importance than has been 
assumed in the present treatment of the subject. It should also be mentioned that no 
theory is, as yet, available for the mechanism of static friction. 
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It has been demonstrated that the relative wear resistance of any two 
compounds is not a constant but can depend pronouncedly on the conditions of 
testing. This variability is due to the formation of abrasion patterns which develop 
on different compounds with different intensity and whose contribution to the total 
abrasive loss depends on the mechanical strength of the compound. Abrasion patterns 
are thought to influence relative rates of tyre wear under different conditions of service22 
but no specific reference has been made in this paper to tyres, for the following reason. 

Tyre wear occurs when there is relative motion in the area of contact between the 
circumference of the tyre and the road and is therefore intimately connected with the 
mechanics of slipping wheels. This is a topic of some complexity involving the large- 
scale elastic properties of the wheel, differences in which may overshadow differences 
in the abrasion resistance of the tyre tread. The same considerations apply to abrasion 
machines which are designed to imitate conditions encountered by tyres and employ 
small rotating samples undergoing various forms of slip. In spite of its intricacy, the 
problem is amenable to theoretical work and a preliminary result has been given in 
an earlier publication”. It is hoped to present a more advanced approach to it in the 
near future. 
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REPORT ON PAPERS ON WEAR PRESENTED AT 
THE INSTITUTION OF MECHANICAL ENGINEERS CONFERENCE* 
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Lubrication and Wear Division, Mechanical Engineering Research Laboratory, D.S.I.R., 
Thorntonhall, Glasgow (Great Britain) 


INTRODUCTION 


In the twenty years since the General Discussion! was held, considerable advances 
have been made in the technique of lubrication and the papers discussed in the last 
two days can have left no doubt that the subject enjoys an established status and is 
developing at a vigorous rate. However, the prime function of lubrication is to prevent 
wear; the secondary function to minimize friction. Can it be said that “‘wear’’ has the 
status of a subject of study comparable with that enjoyed by lubrication even twenty 
years ago? Indeed the view has been expressed that one cannot study wear as such, 
but only the way in which certain machine-elements wear out. It is important to look 
at these papers — and over fifty at this conference have a bearing on wear — to assess 
the extent to which “‘wear’’ can at this juncture be regarded as a subject of generalized 
study. 

At the outset one is brought up against the problem of terminology, and the defini- 
tions adopted by the Institution Committee are so important that a reminder should 
be given here. They read as follows: 

Wear. Progressive loss of substance from the surface of a body brought about by 
mechanical action, Usually it reduces the serviceability of the body, but it can be 
beneficial in its initial stages in running-in. 

Abrasion. Wear caused by fine solid particles**. 

Embedding. Inclusion of solid particles, abraded or foreign matter, in the surfaces 
of wearing parts. 

[vetting corrosion. Destruction of metal surfaces by a combination of sliding and 
corrosive (usually oxidation) actions when there is small relative movement at the 
contacting surfaces. 

Putting. Local wear characterized by removal of material to a depth comparable 
with surface damage. 


* Adapted by the author from the original Review to be published in the Proceedings of the 


Conference on Lubrication and Wear, October, 1957, arranged by The Institution of Mechanical 
Engineers, London. 


4% ‘‘Erosion’’ was not defined by the Committee. The term abrasion was used to include that form 
of erosion attributable to the action of numerous small particles which impinge on a surface. 
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Scoring. Scratches across rubbing surfaces, produced without modification of the 
general form. 

Scuffing. Gross damage characterized by the formation of local welds between sliding 
surfaces. 

Seizure. The stopping of a mechanism as the result of interfacial friction. 

Spalling. Wear, commonly associated with rolling bearings, which involves the 
separation of flakes of metal from the surface. 

The youth of the subject is such that a clear system of nomenclature is not available, 
and in arriving at some of these definitions it has been necessary to pre-suppose a 
mechanism whereby wear takes place. A particular case in point is that of “scuffing” 
which is referred to as gross damage and it is presupposed that local welds forming 
between the sliding surfaces are the cause of the trouble. Papers read at the conference, 
to be referred to later, do not give complete support for this particular viewpoint. 


LAWS OF WEAR RATE 


If wear is to be regarded as a reproducible phenomenon, the rate at which it occurs 
may be expected to be related to factors influencing that rate by relatively straight- 
forward algebraic expressions. For example several papers (SPURR AND NEWCOMB, 
Paper 28, LANCASTER, Paper 72, H1rst, Paper 66)* refer to the equation V/] = KW/Pm 
where V = Volume loss, / = distance of sliding, W = nominal load and Pm = flow 
pressure of the material. The W/P» term is considered to determine the real area of 
contact and K to be a constant determined by the nature of the wear process (BUR- 
WELL’). 

Clearly the constancy of K implies that the nature of the contacting surfaces is not 
changed in any way by the rubbing process, for example, that it is neither roughened 
nor smoothed nor work-hardened in any way. BARWELL® has suggested that wear 
processes may be typified by three curves represented by the following equations 


V = B/a (1—e-at) (r) 

V=al (2) 
and 

V = Peal (3) 


where ais a constant and f is some characteristic of the initial surfaces. a in the expres- 
sion V = al corresponds with BurwEti’s K as follows: « = KW/Pm. Where K is 
invariant with time this indicates that, although material is being removed from 
the surface, this remains neither more nor less susceptible to wear than previously. 
This situation implies that, either the mating surfaces are not wearing at all, for 
example, it is very hard compared with the material under consideration, 
that it wears in such a way as neither to increase or diminish the severity of its 


* The Appendix gives an alphabetical list of authors of papers read at this Conference. 
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attack on the mating surface, as when individual grains are removed from a grinding 
wheel, or that the damage is caused by circumstances which are unaffected by the 
topography of the surface, for example by abrasive matter introduced from outside 
or by corrosive action, 

When damage to a surface is such as to increase its tendency to wear, for example, 
rate of wear is proportional to wear, the exponential law V = fe! applies. This in- 
dicates how minor damage may rapidly build up to catastrophic failure. 

P1GGoT AND WILMAN (Paper r8) found that the wear during the “running-in”’ period 
could be expressed with great fidelity by the expression V = a log KJ, where / equals 
distance run and @ and k are constants. This implies that rate of wear is inversely 
proportional to distance run. 

LANCASTER (Paper 72), recognizing that a linear dependence of wear on applied load 
has been observed only occasionally, describes a series of experiments carried 
out under conditions chosen, as far as possible, to ensure that in any one series of 
experiments the surface conditions attained during sliding should remain the same. 
Numerous combinations of materials were tested at relatively heavy loads and low 
speeds of sliding. In all instances a transferred film of the softer metal was produced 
on the surface of the harder one and wear rate gradually increased with time as this 
transferred film was built up. Ultimately, however, an equilibrium condition was reach- 
ed when both the total transferred mass and the wear rate became constant. The other 
aspect of BURWELL’s equation, linear dependence of wear rate upon load, was shown 
to be true for a variety of metal-metal combinations. Wear rate was shown to vary 
with temperature. When the results were corrected for variation of hardness with 
temperature, however, wear rate was shown to be inversely related to hardness. Whilst 
this relationship between hardness and wear rate was true for any one particular metal 
combination it was quantitatively valid for other metal combinations. Similar condi- 
tions were obtained under boundary conditions. 

Hirst (Paper 66) distinguishes arbitrarily between two forms of wear of metals, severe 
wear wherein large metallic fragments are torn away and mild wear in which the wear 
detritus is very fine. In severe wear there is an appreciable degree of intermetallic 
contact and it is believed, by this author, to occur through the successive formation 
and rupture of metallic junctions. In mild wear an appreciable electrical resistance 
may be measured between the surfaces and these are sometimes visibly oxidized. 

WELSH (Paper 77) shows also wear-time curves for carbon steels in which the wear 
rate diminishes after a certain time of rubbing. This change is attributable to hardening 
of the surfaces during the rubbing process. 

SPURR AND NEWCcomB (Paper 28) have examined systematically the relationship 
between surface roughness, wear and friction of a series of metals, polymers and montan 
wax. Three types of rough surface were used: files, emery paper, and metals abraded 
by emery paper. In all instances the wear rates of brass, zinc and lead were found to 
be proportional to the load. It appeared that the wear of metals during filing was deter- 
mined by their elastic modulus rather than by their hardness. Microscopic examination 
showed that, when a polished surface is loaded against emery paper, isolated particles 
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indent the surface and form scratches. No material is actually removed until one groove 
extends so far as to run into a groove in front of it. The amount of metal worn from the 


second groove is believed to be dependent on the extent of elastic recovery of the 
material. 


MECHANISM OF WEAR 


It is clearly necessary to elucidate the precise means whereby material is removed 
from a surface if wear as a process is to be understood. Two papers read at the conference 
outlined rather different viewpoints regarding this aspect ; namely “The properties of 
model friction junctions” (GREENWOOD AND Tazor, Paper 92) and “Plastic roughening 
and wear”’ (I-M1nG FENG, Paper 33). 

GREENWOOD AND TABoR described the simple adhesion theory of friction and 
presented the results of experiments on model junctions. They concluded that, when 
strong adhesion occurs at the regions of real contact between metal surfaces, the 
force to shear the friction junctions so formed was very close to the product of the 
cross-sectional area of junctions and the bulk strength of the material. However, the 
area of contact does not appear to depend on the loadin the way originally formulat- 
ed. The relation between area of contact and load is more complicated and depends 
rather critically on the geometry of the friction junctions and the elastic deformation 
of the region around the plastic zone. In fact, the coefficient of friction arising from 
strongly adhering junctions should be of the order of 3. When models of ‘“‘unclean’’ 
asperities were studied, the results for coefficient of friction were more in accord with 
experience. This situation may well represent what happens in most lubricated 
systems and, if this is so, we must think in terms of a “‘plastic deformation” theory of 
wear rather than an “‘adhesive”’ theory. 

In contrast to this picture cited by TApor is the viewpoint of FENG, who also puts 
forward a theory based on plastic deformation in crystalline bodies. An asperity is 
regarded by him to be deformed plastically involving abrupt movements along crystal- 
lographic planes. These abrupt movements, which usually take place along several 
sets of crystallographic planes, cause roughening of the interfaces of contacting high 
spots, thereby tending to form a matched interlocking pattern during plastic deforma- 
tion®, This interlocking effect resulting from the “‘plastic roughening’’ contributes 
substantially to the resistance to tangential motion. If a pair of asperities are strongly 
interlocked, a fracture tends to occur at the weakest section inside one of the asperities 
rather than at the interface. 

It would appear that, if junctions of the type presupposed by Tasor or plastic 
roughening of the type propounded by FENG are the basic causes of wear, evidence 
of their existence would be forthcoming by the use of the electron microscope. MILNE 
(Paper 97) shows what appears to be plastic roughening in soft steel but does not ob- 
serve this effect with hard steel. Moreover, in the absence of information regarding 
the mating surface, this does not necessarily provide evidence for the interlocking, 
which is the basis of FENG’s theory. Again Scott (Paper 14) never finds evidence of 
“welds” although rarely some “plucking” is observed. Most of his observations are 
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of “scratching” or ‘ploughing’. HALLIDAY, (Paper 40), using reflexion electron micros- 
copy provides evidence for the existence of a number of mechanisms for removing 
metal, as follows, (1) large-scale welding and tearing, (2) small-scale welding with and 
without transfer, (3) small-scale welding and transfer leading to scoring, and (4) no 
welding or welding on too small a scale to be resolved. He asserts that, in mild wear 
processes, the vast majority of asperity encounters cause no wear. Whilst the first 
encounter may involve plastic flow followed by elastic recovery, subsequent encounters, 
with metals of comparable hardness, only involve elastic deformation unless some other 
factor, such as oxidation, leads to the production of a wear fragment. 

In relating the behaviour of single asperity contacts to that of the surface as a whole 
it is necessary to adopt a statistical approach. RIGHTMIRE (Paper 51) considers that 
because more than one contact occurs simultaneously during a sliding process, these 
contacts are inter-related to a degree since they are all part of the same interface and 
share the same normal load. Thus, whilst the load on any one point is indeterminate, 
if one takes more, then the others will take less. Assuming that any extensive character- 
istic of a contact, such as area at instant of observation, can have only certain values 
or “‘levels’’, the most probable distribution of contacts over these levels is found to 
resemble that of Boltzmann in statistical mechanics. It is concluded that, in passing 
from the study of the contact of individual asperities to that of surfaces as a whole, use 
of the distribution based on the paper should give a better approximation to the truth 
than uniform distribution. 

KRAGHELSKy (Paper 75) describes five qualitatively different types of asperity 
contact as in Fig. 1 and illustrates plastic roughening of polycrystalline material. 


SELSe 


Possible modes of interaction of an asperity with an opposing surface 
1. Penetration and removal by cutting action. 

. Penetration and plastic displacement. 

. Elastic deformation. 

. Welding and parting on original place. 

. Welding and fracture within material. 


mb wn 


Tig. 1 


A quantitative study of the transfer of copper onto steel under a variety of conditions 
is presented by GRUNBERG AND CAMPBELL (Paper 65). The study was made quantitative 
by continuous photometry of auto-radiographs of the friction track. The amount of 
metal transferred and the friction were found to depend greatly on the surface rough- 
ness and method of preparing the surface. Assuming an average height of the trans- 
ferred particles, the area of metal sheared can be estimated from the simple theory. 
Then, assuming a value for the “shear strength” of each junction, the relative con- 
tribution of metal and lubricant to the friction force was estimated. The authors con- 
clude that (1) the proportion of frictional force dissipated in metal transfer decreases 
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Fig. 2. Idealized contact conditions. 


with increasing velocity, (2) under well-lubricated conditions the metallic component 
of friction represents only a minor portion of the total friction, (3) the absolute value 
of lubricant friction appears to be virtually independent of velocity. The model adopted 
by these authors, although highly simplified, is refined in so far as the “‘area over which 
rupture occurs”’ is taken as the basis for estimating the dissipation of energy by plastic 
strain, rather than the area of “‘adhesion’”’ employed by previous workers (Fig. 2). 


Fig. 3. Copper (light) embedded in plastic tes and Me firmly adhering to the steel surface. 
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Thus, whilst the idea of adhesive wear is implicit in the treatment employed by these 
authors, the “plastic deformation’’ mechanism mentioned by TABOR may in fact have 
been operative. The observation that some of the particles were free and became em- 
bedded in the plastic replica is particularly important in this connection (Fig. 3). These 
may represent the small rolled “‘knot”’ of metal referred to by GREENWOOD AND TABOR 
but more likely they arise from ‘junctions with poor adhesion”. 

GRUNBERG AND WRIGHT (Papers 67 and 50) describe three ways of studying the 
effect of sliding on the condition of surfaces as follows: (1) the study of electron emission, 
(2) the use of the Russell effect and (3) the excitation of rock-salt crystals with X-rays 
and study of consequent phosphorescence. All these techniques provided clear evidence 
of plastic flow. The depths recorded, ro~* cm from electron emission, ro~* cm from 
Russell effect and 8.1  10~% cm from irradiation of rock salt, are all greater than would 
be expected from deformation of individual asperities and point to a general plastic 


Fig. 4 Photomicrographs of friction tracks on rock salt (Load 5 kg). 
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deformation of the surfaces during the wear process. Fig. 4 shows, asa result of progres- 
sive etching, the depth of frictional damage to rock-salt. The authors conclude with 
the speculation that because of the important effect of plastic flow in the vicinity of 
a surface, the application of dislocation theory to wear studies may reveal the means 
whereby a particle becomes detached from that surface. 

PiGGoT AND WILMAN (Paper 18), who also refer to plastic working of surfaces, 
recognize that the mating surfaces are not homogeneous bodies but polycrystalline 
substances. Working with steel they claim that, over the range considered, the pearlitic 
particles act as abrasives removing the intervening ferrite. 

WILSON AND GRAHAM (Paper 83) describe a form of wear which depends entirely 
on the presence of a liquid phase. Clear evidence of the existence of cavitation 
failure of journal bearings is not easy to come by but its occurrence in propellers, 
turbines and pumps is well known. Different fluids were investigated so as to 
permit the effects of density, compressibility, vapour pressure and_ viscosity 
on the amount of erosion to be assessed separately. The results were in general 
agreement with Rayleigh’s expression and, quantitatively, erosion damage may be 
related to the product of the density and the speed of sound in a liquid. Whilst as far 
as experimental evidence is concerned cavitation must be regarded as an isolated 
phenomenon, the possible effect of the sudden release of pressure occurring during the 
passage of a lubricated ball in a ball-bearing or between a pair of gear teeth may lead 
to a form of cavitation erosion which could constitute the initial stage of pitting. 


TEST METHODS 


The testing of metals for resistance to wear has long been a matter of uncertainty, and 
to this day little confidence is placed in results reported from various forms of laboratory 
test rig. The statistical methods employed by BAKER AND BraILEy (Paper 91) are 
typical of a realistic approach usually employed by modern workers. An alternative 
to statistical testing, which is time-consuming and can only be carried out under severe 
economic restrictions, is the employment of radioactive tracers. EDGAR (Paper 2) de- 
scribes an oil sampler with which it is possible to remove continuously a small quantity 
of oil from the cylinder wall of a working engine. 

It is noteworthy that, of the investigators who have reported experimental wear 
results at the Conference, each has adopted his own experimental arrangement. There 
appears to be no unified method of assessing wear properties of materials. This is a 
feature of comment particularly because there have been available for many years 
numerous machines intended for the evaluation of the wear resistance of materials, 
the ‘Amsler’ machine, the ““Timken’’ machine, etc. The only one of those machines 
which has featured in the Conference is the four-ball machine and, as far as wear is 
concerned, only as modified in a particular way for the purpose of the investigator 
himself. 

Numerous workers have adopted a plane ring against which a pin was forced in a 
radial direction. BoosER, ScorTtT AND WiLcock (Paper 8) used this method with a 
peripheral speed of 355 cm/sec and a nominal stress of 17.6 kg/cm?. They measure fric- 
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tion and wear rate and describe an appearance rating for the ring and the test piece. 
They apply numerical values to scoring and colour in both cases and to pick-up on 
the ring and what is known as ‘‘mushrooming”’ on the pin. They have carried out over 
2,000 tests and report extensive particulars of the compatibility of various shaft and 
bearing materials. LANCASTER used a similar arrangement, but for fundamental studies 
and at rather lower speeds with more intensive loads than BooSER AND WILCOCK. 
Epcar (Paper 2) measures the friction of steel against silver using a four-ball machine 
which he modifies to.accommodate silver test pieces instead of the three lower balls. 
His surface speed was 27 cm/sec. 

BISsON, JOHNSON AND SWIKERT (Paper 31) used a kinetic friction machine wherein 
the test piece follows a spiral path. The material is arranged to give Hertzian contact 
and this machine had been used for very high nominal stresses and speeds up to 3750 
cm/sec. A similar arrangement in principle is adopted by KrusHcHOov (Paper 46) for 
his comparative wear tests but although the geometric arrangement of the machine 
is similar, embodying the spiral path, there is in fact no relationship of speed or load 
with that of Bisson, JOHNSON AND SWIKERT. PIGGOT AND WILMAN (Paper 18) use 
three pins operating on an annulus. As their speed of sliding is less than $ cm/sec and 
the nominal stress 190 kg/cm? they are working very much in the boundary region. 
Investigators such as BOOSER AND WILCOCK could very easily be operating under 
mixed conditions or even hydrodynamic conditions. Clearly, one would be surprised 
if, forexample, BOOSER AND WILCOCK and PIGGOT AND WILMAN were to show materials 
in the same order of merit or to show comparable results in face of such a wide difference 
in test conditions. 

H. Scorr (Paper ro), studying the wear of diamonds on glass, used an arrangement 
which is rather similar to those used by Bisson and others and KrusHCHOY, but in the 
particular experiments he describes, the specimen does not follow a spiral path but a 
circular one. 

CAMPBELL (Paper 56), investigating the behaviour of stainless steel lubricated with 
liquid sodium in an atmosphere of nitrogen, uses two annuli placed together in face- 
wise contact. MITCHELL (Paper 74) uses a similar geometrical arrangement but his 
annular bushes are about half the size and his speeds are from 12 to 50 times as fast 
as CAMPBELL’s, although his nominal loadings are not so very different. 

MILNE, Scott AND MACDONALD (Paper 97) use the crossed-cylinder machine. In 
one method a rotating cylinder slides simply against a stationary one but in another 
arrangement the non-rotating cylinder is arranged to move relative to the other. 
This has the advantage of bringing fresh material into contact continuously, 
enabling the early stages of a wear process to be studied. Speeds and loads were 
variedand the results have been related with those obtained with the four-ball machine. 

Realistic arrangements must involve a feature of constant feeding of new material 
in the contact zone as well as the simulation of hydrodynamic effects. The disc machine 
of Merritt is a well known method for achieving this combination and CRookK AND 
SHOTTER (Paper 6) use this machine in a highly instrumented form for fundamental 
studies. In one series of tests the peripheral speed of one disc is 367 cm/sec and of 
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the other 600 cm/sec. In another series of tests the figures are goo cm/secand 930cm/sec 
respectively. 

The other extreme is represented by the modifications of the four-ball machine to 
give a rolling action as opposed to a sliding action. The intention is to provide as near to 
pure rolling as possible but, because of the geometrical arrangement, there must be 
a twisting of the ball giving rise to combined rolling and sliding over the peripheral 
areas and pure rolling over the central portion. Scorr (Paper 58) has used this as a 
direct modification of the four-ball machine under the same loads and conditions, and 
MILNE AND NALty (Paper 54) have constructed high-speed machines on the same basic 
principle. These investigators take an analytical viewpoint of wear testing in relation 
to the particular phenomenon under investigation. Where scuffing is the topic of an 
investigation, a pure sliding effect is chosen albeit with the introduction of fresh material 
as exemplified in the crossed-cylinder machine. Where pitting is the topic of study, 
then a motion as near to pure rolling as is consistent with a simple arrangement is used. 
On the other hand Crook (Paper 6), in the disc machine, studies both scuffing and 
pitting in the same geometrical arrangement. 

It might well be a topic of discussion as to which should be aimed at in the future. 
However, it is an outstanding fact that, of the investigations reported at this Confer- 
ence, there is hardly a single example of test conditions being related or relatable as 
between one paper and another. In a sense this is understandable because of the wide 
variety of contact situations occurring in engineering practice. Naturally, investigators 
who wish to simulate closely those situations will produce a variety of test conditions. 
However, workers engaged on fundamental studies also appear to have very different 
ideas as to what in fact constitutes “‘wear’’ and what conditions are likely to reveal the 
most useful information. 

Because wear must occur by the removal of discrete particles, observation of the 
surface and description of the damage may be as important as measurement. It may 
well be that the state of the science of wear at the moment is such that it is still in the 
descriptive, in the phenomenological stage, and cannot yet respond toa strict quan- 
titative treatment. Investigators attempting to provide a clearer description of wear 
phenomena are providing in increasing measure elegant techniques which enable 
one at least to imagine that one knows how wear takes place even though one may 
not be able to predict it quantitatively. 

The optical microscope provides a great deal of information from which some insight 
into the nature of wear can be obtained. Surface profiles illustrated by Scott (Paper 57) 
show the great power of the interference method if applied to surfaces which, by 
most standards, are very smooth. Rougher surfaces, such as those encountered in most 
engineering components, do not lend themselves so readily to this method. Replicas 
are of considerable importance, not only because they enable surfaces of large com- 
ponents which could not normally be handled in a laboratory to be studied in detail, 
but they also permit the use of various means for improving contrast such as by depo- 
sition of a highly reflective film. Phase-contrast microscopy reveals minute variations 
in the surface profile and all these methods, allied with sectioning, enable the metal- 
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lurgical effects of wear to be studied. However, the optical microscope hasits limitations, 
not only from resolution but from the limited depth of focus and the electron microscope 
enables some of these difficulties to be overcome. One of the great difficulties with the 
electron microscopeis that of interpretation, because it isnot always clear, from examina- 
tion of a replica, which are the hills and which are the valleys, and the presence of 
a latex particle to define the direction of shadowing has been shown to be necessary 
to avoid misconceptions. An earlier limitation of the electron microscope for wear stud- 
ies was the fact that it could only be used as a transmission instrument. HALLIDAY 
(Paper 40) reveals how this limitation can be overcome by the use of reflection electron 
microscopy. He claims that, by varying the angle of incidence, it is possible to provide 
a quantitative description of the surfaces on a more extended scale than is available 


by any other means, 


SURFACE FILMS 


All practical surfaces are covered by surface films of one sort or other and their 
study should reveal something of the nature of the wear process. Moreover, artificially 
created films may result in modification to the wear characteristics of different mate- 
rials. For example, aluminium is a notoriously difficult material to lubricate and this 
may be attributed to the properties of the hard oxide film which occurs naturally there- 
on. WRIGHT AND Scott (Paper 60) therefore studied anodized films, that is, artificially 
thickened oxide films, on aluminium surfaces, partly in the belief that study of the 
behaviour of thick films might reveal more clearly factors which also govern the 
behaviour of the naturally occurring but thinner films and partly because of the increas- 
ing use of anodized films in practice for the purpose of facilitating the sliding of alu- 


Fig. 5. Taper section through disintegrated film on alaminiurn, 
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minium. Fig. 5 shows a section of a disintegrated film. The results of the paper show 
very clearly that the measure of protection offered by an oxide film is dependent on 
the relative properties of the metal and its oxide. With aluminium surfaces the hard 
brittle oxide film readily disintegrates during sliding contact but a considerable im- 
provement in the protective quality of such films may be achieved by artificially 
increasing their thickness by a suitable anodizing treatment. With increasing loads 
two stages of disintegration are discernible; first, the development of fine surface cracks 
due to failure of the film under tensile stress during sliding (Fig. 6) and secondly, the 
complete disintegration of the layer due to gross plastic flow of the substrate material. 
When this occurs the oxide debris acts as a cutting element leading to gross wear and 


Fig. 6. Development of cracks in anodized film. 


seizure. MIDGLEY AND WILMAN (Paper 84) study another means of artificially modifying 
asurface, namely phosphating. Their experiments are mainly concerned with the initial 
stages of wear and they claim that the phosphate crystals are rapidly worn but leave 
the surface in an etched stage conducive to hydrodynamic lubrication. The phosphate 
crystals were essential, however, to a running-in process ; the mechanism propounded 
was that being situated on the high spots the phosphate crystals prevented intermetallic 
contact during initial stages. They are brittle and as they are worn from high spots 
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they exert a mild polishing action which results in good mating of the surfaces and 
good wear protection. PIGGOT AND WILMAN (Paper 18) studied the effect of a surface 
oxide and sulphide layers on mild steel. Such layers may arise naturally in practice but 
also may be deliberately applied by well-known proprietary processes. They claim that 
the relatively soft ferrous sulphide is easily worn off in the early stages leaving a large 
degree of projection of hard pearlite particles above the ferrite backing; hence their 
more rapid removal by the abrading of the opposing surface. This, together with the 
possible weakening of the surface, gave rise to a higher rate of wear. FeO, was itself 
rapidly worn away but the hard, firmly bound a-Fe,O, abraded away the opposing sur- 
faces more quickly. These authors conclude that the wear of steel against steel is 
mainly abrasive in character and that, with the exception of a-Fe,Os, initial oxide and 
sulphide layers or sulphide formation due to extreme-pressure additives have the effect 
of increasing the initial wear although reducing the ultimate wear by causing earlier 
establishment of hydrodynamic conditions. 

In addition to the films formed by chemical reaction of the metal, other films may 
be formed by the adsorption of lamellar solids such as graphite and molybdenum 
disulphide. The behaviour of such substances is often modified by the presence of 
oxide, so DEACON AND GOODMAN (Paper 17) have carried out experiments on platinum, 
thereby eliminating this factor. Two methods of application were used. In one, the 
surfaces were deposited from colloidal suspensions of the solid in oil and in others a 
few drops of aqueous suspension of the solid were placed on the surface and rubbed 
by hand. In both, the adsorbed solid exhibited preferred orientation when examined 
by electron diffraction. The material appeared to be mechanically deposited in the 
irregularities of the surface, thereby leading to an overall smoothing of the surface. 
Electron micrographs of the tracks show that although the metal was considerably 
deformed there was little or no evidence of metal contact. At elevated temperatures 
the friction of graphite fell, but more rapidly with the layers adsorbed from oil than with 
the rubbed layers. This is believed to be due to the relatively poor surface coverage 
taken in conjunction with the slow oxidation of graphite. Molybdenum disulphide 
oxidizes much more rapidly, thereby leading to a higher increase in friction with in- 
creasing temperature. 

The number of combinations of load, speed, environmental condition and surface 
film are very great, and Bisson, JOHNSON AND SWIKERT (Paper 31) have studied these 
matters for many years and have produced a paper which surveys their experience. 
In the type of experiment used by them, solid surface films resulted in a reduction in 
friction and surface damage. Films of graphitic carbon on cast iron, nickel oxide on 
nickel alloys, FeO, F,O, on ferrous materials, were found to be beneficial. However, 
Fe,O; and MoO, were definitely detrimental in the same way as the disintegrated 
aluminium oxide films illustrated by Wricut. Films produced by reaction with sulphur 
and chlorine were both effective although chlorine films were more effective than sul- 
phide in reducing friction. Beneficial effects of molybdenum disulphide are confirmed 
and so are the detrimental effects when this is oxidized to molybdenum trioxide. This 
is not serious below 400°C (752°F) but becomes so at over 500°C (932°F). 
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MITCHELL AND FuLForD (Paper 27) explored the combination of molybdenum di- 
sulphide on phosphated surfaces. After phosphating, the surface was treated with the 
lubricant and binder either by spraying, painting or immersion. The binder was con- 
solidated either by the application of heat or by allowing sufficient time for chemical 
action to take place. They show that the nature of the phosphate coating is of particular 
importance and of all the binders investigated syrup, PTFE and resorcinol resin give 
the most promising results. Other binders did not lead to permanently satisfactory 
results. Useful data is provided governing the manufacturing conditions surrounding 
the application of syrup-based film, and data on its serviceability is given. In addition 
to bonding molybdenum disulphide to the surface, it may be dispersed through the 
medium, and the authors describe the properties of combinations of materials. Here 
phenolic and nylon-filled materials are shown to have useful technical properties. 


EFFECT OF TEMPERATURE AND ENVIRONMENT 


The nature and amount of wear taking place in any situation is clearly dependent 
among other things on the temperatures obtained and on the chemical nature of the 
environment. For example, Scotr (Paper 10) has studied the wear of diamond on glass. 
This wear can take place by three mechanisms, thermal oxidation, degradation of the 
carbon structure to graphite (carbonization) or brittle fracture of the diamond 
and subsequent embedment of the particles in the glass to form a lap. The tests carried 
out in atmospheres of nitrogen, air and oxygen show wear rates diminishing in that 
order, showing therefore that the environment in this case is not of great importance. 
There was no sign of brittle failure of the diamond and electron diffraction failed to 
reveal any trace of the diamond in the glass. Diamond is known to graphitize at above 
rooo°C (1832°F), thus one concludes that these temperatures must have been reached 
during the process and that the mechanism of wear of diamond is that of carbonization. 
SEAL (Paper 12) reports anisotropy of wear rate of diamond on diamond which he 
attributes to different temperatures arising from differences in coefficient of friction 
between crystallographic planes. 

Polymorphic material, such as steel, is naturally more complicated in its reaction 
to temperature, but WELSH (Paper 77) has made a series of studies of the structure of 
steel surfaces which have been subject to wear. In some dry sliding experiments, the 
wear rate diminished rapidly to a steady value and the change in the wear rate of high- 
carbon steels was associated with the formation of a hard skin. As mentioned earlier, 
on low-carbon steels the hardened phase appeared in discrete patches. The greater 
facility with which the steels of high-carbon content passed through the transition 
probably reflects the relative ease with which the major structural component, pearlite, 
will convert to austenite, and therefore become hardenable, during rapid thermal cycles. 
Since the time available for carbon diffusion is extremely limited, the main constituent 
of low-carbon steels, ferrite, will harden only with difficulty. 

A still more complex substance, cast iron, is shown by ANGus (Paper 69) to be de- 
pendent inits reaction to temperature on the form and distribution of graphite particles. 
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Ina study of the form of wear occurring in braking surfaces, clutch plates, etc., surface 
failures are known to occur by reason of continued and repeated application of braking 
loads which do not allow sufficient time for cooling. The body of the plate or drum 
may rise in temperature to 600°C (rrr2°F) for an appreciable time. Sudden absorption 
of energy or extreme applications of load to plate or drum of low heat capacity may 
raise the surface temperatures to 950°C (1742°F) and indeed to the melting point. 
The effect of graphite is important for three reasons: it lowers the modulus of elasticity 
thereby increasing resistance to thermal shock, it provides a reasonable supply of solid 
lubricant, and it confers high thermal conductivity. Graphite has greatest ‘thermal 
conductivity along its length; that perpendicular to the basal plane is only one-fifth 
of that in the main direction, thus the graphite flakes have an important function to 
perform in conducting heat away from the surface and the behaviour of a cast iron 
would depend very greatly on their form and distribution. For example, the pearlitic 
nodular cast irons are prone to heat checking but may be of value at moderate tem- 
peratures, 500-600°C (932-1112°F). Where both mating surfaces are metallic, the pear- 
litic matrix is preferable to a ferritic, and a fairly coarse random graphite is preferable 
to a fine or undercooled structure. 

The effect of environment is as clearly illustrated by the behaviour of electrical sliding 
contacts at high altitudes. ATKINS AND GRIFFITHS (Paper 19) demonstrate that 
when a graphitic contact sliding on a copper surface is exposed to the low ambient 
pressure and humidity encountered at high altitudes, friction attains a value of 
0.5 or more and abnormal wear occurs. This is probably due to the absence of an 
adsorbed atmospheric substance such as water and oxygen because, as has been 
shown by SAvacE§, the low friction of graphite is attributable to the adsorption 
of moisture and other contaminants in the interlaminar region. Attempts to inhibit 
the rapid wear have usually involved the incorporation of one or more substances in 
the brushes in an attempt to modify conditions at the sliding interface. ATKINS AND 
GRIFFITHS lay much stress in their paper on experiments wherein PTFE is incorporated 
in the carbon or graphite materials. They believe that in contradistinction from other 
inhibitors which function as film-forming agents, PTFE becomes an auxiliary bearing 
component. 

Bisson and others (Paper 31) discuss experiments in which oxygen has been excluded. 
They state that high friction coefficients are obtained when oxide formation is prevent- 
ed. The use of highly purified cetane as a blanketing medium creates a coefficient of 
friction greater than 1. They also refer to experiments by ERNST AND MERCHANT 
wherein the coefficient of friction in cutting was increased in the presence of benzene 
and decreased in its absence. 

A drastic wear situation, that existing between a cutting tool and its work, is shown 
by Opitz (Paper 53) to be dependent on the chemical nature of the environment. 
When nitrogen was fed to the tool face instead of oxygen, tool life was increased. 
Two effects are claimed, that the inert nitrogen kept oxygen away from the contact 
zone, thereby preventing oxidation of the tool surface, and that nitrogen reacted with 
the tool face producing a more wear-resistant chemical compound. 
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ABRASION: EFFECT OF HARDNESS: UNLUBRICATED SLIDING 


The condition of uniform wear rate foreshadowed by BURWELL is likely to be most 
easily achieved when wear is due to the action of an abrasive substance which is very 
much harder than the mating surface. The action of abrasive particles is dealt with 
by Kuruscuov (Paper 46), SpuRR AND NEwcoms (Paper 28), and WILLIAMS (Paper 3). 
KuRuSCHOV (Paper 46) uses a machine in which the material being abraded is caused 
to follow a spiral path across a disc covered with abrasive cloth. A tin-lead alloy was 
used as a standard or control material and the wear rates of the other substances were 
compared therewith. A series of technically pure metals in the annealed state revealed 
a direct linear relationship between relative wear rate and hardness. Tests on a series 
of steels showed that, in the annealed condition, wear rate was directly related with 
hardness in the same proportionality as the pure metals. In the quenched and tempered 
condition, however, each steel had its own characteristics. Wear rate was again de- 
pendent on hardness but the constant of proportionality differed for steels of different 
composition. In no case, however, was the increased wear resistance resulting from 
quenching and tempering proportionate to the enhanced hardness resulting from this 
process. Work-hardening failed to increase the resistance of materials to abrasive wear. 
KHRUSCHOV explains this result by stating that the relative wear resistance, as evalu- 
ated by the abrasive wear test, can be regarded as a characteristic of the material in 
its maximum work-hardened state. 

SPURR AND NEWCoMB (Paper 28) found that the wear rate of all materials was pro- 
portional to load and, with one exception, to the average diameter of the emery par- 
ticles. The wear rates of the metals were, however, determined by their elastic properties. 
When cylinders of nine metals were slid against silver steel rods previously abraded 
with emery paper the correlation between wear rate and elastic modulus was better 
than that between wear rate and hardness. 

The problem of relating wear resistance to material properties is complicated by 
changes which occur within the rubbed surface owing to the wear process itself. WELSH 
(Paper 77) describes how wear rate diminishes with sliding and its dependence on 
changes in surface condition. Steels of high carbon content rapidly underwent 
a transition from pearlite to austenite so as to produce a continuous hardened skin. 
Clearly the test conditions, load, speed, etc., are likely to affect surface temperature 
and therefore the degree of transformation. Wear resistance is a quality therefore 
which is likely to remain specific to the application rather than to be completely 
predictable from material properties. 


FRETTING 


Considering first metal contact conditions, JOHNSON (Paper 24) notes that the sur- 
faces subject to normal force do not return to their unstressed state when a tangential 
force is removed. If, whilst keeping the normal pressure constant, the tangential force 
is varied through a complete cycle, a complete reversal of slip takes place in a region 
at the periphery of the area of contact. Measurements were made of the energy dissipat- 
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ed per cycle as a function of the amplitude of the oscillating force for angles of inclina- 
tion of the oscillating force varying from 0° to go°. When the oscillating force exceeds 
about 0.5 ( = 0.56) the surfaces slide as a whole. Below this value, the energy dissipated 
per cycle becomes a measure of the extent of the area over which slip takes place. 
At 30° inclination, a ring of very small pits could be discerned and at go° complete slip 
occurred, The investigators reporting to this Conference have all chosen situations where 
bulk sliding takes place. This is because fretting damage is best studied quantitatively 
when sliding conditions are adjusted to produce gross slip at the contacting surfaces 
of such a magnitude that the elastic component of the displacement represents but 
a small proportion of the total movement. WriGuHT (Paper 26) uses an annular contact 
area with a rotating motion giving an average movement over the contact area of 
0.005 cm, whereas HALLIDAY (Paper 39) uses a cylinder resting on two flat pads placed 
in V formation. The movement was normal to the original nominal line contacts be- 
tween the cylinder and pads, and amplitude varied over the range of experiments 
reported from about 15 to 300 w. 

Very large amplitudes, that is, in excess of 25 are usually avoided in fretting tests 
because of thermal effects and because they allow the debris which is formed to become 
dispersed. The accumulation of this debris is in fact one of the distinguishing features 
of fretting wear and accounts for the majority of the surface damage. This accumulation 
of wear debris has been studied with ferrous surfaces fretting in air by making contin- 
uous electrical resistance measurements. Such measurements show that, after fretting 
action has started, the initial intermetallic contact is quickly broken and the surfaces 
become separated by a layer of finely divided oxide debris (aFe,0,) WriGHT!®. Thus, 
although the initial fretting wear action is similar in form to that which occurs between 
any two sliding surfaces, as soon as the oxide debris compact builds up, further wear 
must be due to the interaction of the ferric oxide debris and the surfaces and not to 
the interaction of the two metal surfaces themselves. The role played by oxygen is 
complicated; however, WRIGHT shows that at a frequency of 1500 c/min the presence 
of oxygen can increase the amount of damage to both mild steel and hardened steel 
by afactor of 3 so that its contribution to the amount of damage occurring is very large, 
and, for ferrous materials at least, it is essentially the controlling factor in the damage 
process. The main function of lubricant is ascribed to its action as an oxygen seal 
rather than to its capacity to reduce the area of contact between the two surfaces, 
WRIGHT also indicates that the hardness of steel does not have a marked effect on its 
susceptibility to fretting. 

Scott (Paper 14) illustrates the fretting process by a series of electron-micrographs. 
Material is shown plucked from the surfaces (Fig. 7). 

HALLIDAY (Paper 39) has measured the friction forces involved in fretting contact. 
At first the coefficients of friction correspond with values of oxide-covered surfaces 
or to conditions of intermetallic welding. Subsequent variations are complex and de- 
pend to sore extent on fretting conditions. With most metals prolonged fretting leads 
to a considerable decrease in friction. With mild steel ~ may fall from 0.6 to 0.05 after 
about 30,000 cycles. These low coefficients of friction are accounted for by the oxide 
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Fig. 7. Electron micrograph (positive carbon replica) showing initiation of fretting damage. 


rolling between the contacts separating them, as must be inferred from WRIGHT’s 
resistance measurements. Examination of fretted surfaces by reflection electron mi- 
croscopy reveals differences in the protective properties of different oxide films which 
are consistent with the frictional damage. Tests under liquid paraffin are confirmatory 
of WRIGHT’s views on the effect of oxygen. Particle size is shown to vary from 0.01 ys 
to i w. Again, HALLIDAY’s experiment with aluminium sliding against steel supports 
WRIGHT’s view that the basic mechanism involved in fretting is the direct abrasion 
of the metal surfaces by oxide. 


WRIGHT (Paper 26) describes a statistical investigation of the fretting characteristics 
of a series of cast irons. His conclusions are consistent with observations by ANGUS 


(17957) of the wear of machine tool beds. This leads to the deduction that more damage 
occurs when the slides are nominally stationary but subject to vibratory fortes than 
when they are being moved from one place to another. 


SCUFFING 


Hatiipay (Paper 40), using reflection electron microscopy, notes a change from 
severe scuffing to production of smooth surfaces which coincides with the formation 
of a very hard component in the surfaces. This probably arises from carburation of 
mild steel promoted by the high temperatures reached at the scuffed regions. 

MILne, Scott AND MacDona tp (Paper 97), using a crossed-cylinder machine, apply 
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two types of test. With a constant load and no relative motion of the two cylinders there 
was no sign of impending failure, and recovery appeared to be associated with formation 
of increased bearing area. When one surface was traversed over the other accompanied 
by an increase of load, surfaces were initially deformed plastically, there being a general 
depression of the track and smoothing of the surface irregularities left by grinding. 
Failure was first indicated by the formation of long, fine score marks over a narrow 
width of track. As load was increased, these grew broader and shorter until large discrete 
scuff marks appeared-that rapidly developed into almost continuous failure. The fric- 
tion force rose slowly with the load during the early part of the test, the initial scoring 
being accompanied by sharp pressure peaks that grew progressively more marked 
until erratic friction indicated gross damage by scuffing. 

One characteristic feature of scuffing requires elucidation, namely the marked ten- 
dency for transferred material to be removed from the slower surface and deposited 
on the faster surface. This may or may not be related to the observation that pitting 
is observed to take place most readily on the slower of the two contacting surfaces 

Metallurgical examination of incipient scuffs on soft (200 d.p.n.) EN.36 steel shows 
some tearing of the surface accompanied by deformation of sub-surface grains and 
metallographic change in the scuffed material. The dark etching area, scuffed material] 
of fine structure, was found to be much harder than the original ferrite and pearlite. 

Hard steels reveal softened and tempered material in sub-surface regions. Fine 
cracks are visible in the still hard, light etching area adjacent to the surface. In contrast 
to the findings of HALLIDAY AND WELSH, the hardened material appeared to be harmful 
rather than protective. 

This examination has enabled a definite sequence of events during the passage of 
a single contact across a surface to be established. At the lighter loads the surfaces 
are improved by a smoothing of the asperities remaining from grinding. As the load 
was increased the higher temperatures at the point of contact cause burnishing of the 
surfaces, accompanied by metallurgical change in local areas of the material. In the 
softer steel, this burnishing appears to cause hardening of the surface layers, while 
on the harder steel it causes more extensive softening with the formation of shallow 
regions where a metallurgical transformation had recovered the initial hardness. 
Scuffing appears to grow from small scores in the surface caused either by adventitious 
material or perhaps by locally hardened material in the mating surface. The most not- 
able feature of these score marks is their intermittency, and their gradual increase in 
size and frequency as the load increases. It may readily be envisaged that in repeated 
contacts these scores could act as centres for the further propagation of damage. 

WELSH (Paper 77) working with discs having a relative sliding speed of 3-5 cm/sec 
found that scuffing took place at 3 kg/cm. This was not catastrophic, a transitory 
period of welding and tearing being succeeded by an indefinitely prolonged period of 
smooth rubbing. In the course of scuffing the surfaces had acquired resistance to further 
wear which was attributable to a self-hardening process. Areas of material of great 
hardness (700-900 d.p.n.) were observed. Increase of load resulted in increase of area 
of these patches until the whole area became hardened. 
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CROOK AND SHOTTER (Paper 6) describe a series of scuffing experiments in a disc 
machine using EN.28 steel. Electrical resistance was measured between discs and 
found to be less than r ohm. This was associated with a coefficient of friction of 0.04 
which is indicative of mixed conditions. Under these conditions, the authors suggest 
that asperities will collide through the film producing heat and also reduction in their 
magnitude. This heat is transferred to body of the disc causing its surface temperature, 
and therefore the oil film temperature, to be increased. The consequent fall in viscosity 
will reduce the hydrodynamic propensities of the film bringing asperities into contact. 
This represents an uneasy balance between conditions of equations (1) and (3). If the 
asperities are easily removed the rate of heating falls off and a hydrodynamic film is 
eventually established. Otherwise, the rate of heating rises and scuffing intervenes. 

In practice, scuffing occurs most frequently where contact conditions, for example, 
area and distribution of stress, are likely to be governed by Hertz’s laws of contact. 
An exception is piston scuffing. Hertz’s laws by themselves provide an inadequate 
description of the situation because they do not take into account the effect of surface 
traction arising from friction. K. L. JOHNSON (Paper 24) has made an analysis of contact 
conditions arising from a variety of situations. 

It appears that scuffing can occur in the presence of a substantial lubricant film 
and, as has been pointed out by Professor BLoK, conditions may best be described as 
elastohydrodynamic. 


PITTING 

The definition of “‘pitting’’ provided by the organizing committee, “‘local wear cha- 
racterized by removal of material to a depth comparable with surface damage’’, is very 
general. However, in the papers before the Conference, a particular form concerned 
with Hertzian contact in rolling is all that is considered. Studies have been made in 
a disc machine (Paper 6) and in different forms of rolling ball machine (Papers 54 and 
58). 

CROOK AND SHOTTER (Paper 6) suggest that a relationship exists between pitting 
and scuffing. In a machine in which a disc of 10 cm diameter ran against a disc of 20 cm 
diameter, each made of EN.28, scuffing occurred after 8 min when the load was 1400 kg 
and after 30 min when the load was 890 kg. Continued running after scuffing in each 
case produced pitting on the 20 cm disc although, in the most severely loaded, the 10 cm 
disc was said to be burnished. It is suggested that scuffing reduced the fatigue resistance 
of the material close to the surface thereby hastening the onset of pitting. 

Scott (Paper 58) describes a simple modification of the four-ball machine in which 
the three lower balls are not clamped to form a nest but are free to rotate, providing 
a confined rolling and sliding action comparable with that occurring in an angular 
contact ball-bearing. The action of some eleven lubricants or hydraulic fluids is com- 
pared. Average time to failure varied from 13 to 107 min. Extreme-pressure additives, 
chlorinated wax and dibutyl phosphate had a harmful effect but solid lubricants such 
as elemental sulphur, graphite and molybdenum disulphide dispersed in petroleum 
appeared to delay the incidence of pitting. With hydrocarbon lubricants, initial cracks 
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Fig. 8. Disintegration of surface arising from use of non-flammable fluid. 


once formed propagate steadily towards failure, but with some of the non-flammable 
fluids propagation is rapid and failure so severe that complete fracture of the balls 
can ensue. It has been noticed that with hydrocarbon lubricants of similar viscosity, 
those with a low viscosity index naphthenic nature were less prone to cause pitting-type 
failure than those with a high viscosity index. Corrosion fatigue effects may also be 
important in pitting failure as is indicated by the presence of numerous sub-surface 
cracks spreading from existing pits. Fig. 8 shows an example of surface disintegration 
arising in practice from the use of non-flammable fluid. 

MILNE AND NALLy (Paper 54) describe results obtained on high-speed machines 
(30,000 r.p.m.). Figs. g and 10 show two forms of test piece and Fig. rz a typical failure. 
They show that hardness has a considerable effect on pitting life and that the compa- 
tibility of surfaces in contact has some importance. This is believed to be associated 
with the small amount of plastic deformation that occurs in the contact area during 
each stress cycle. 

When four balls are used in the test, the inner edge of the track on the rotating ball 
moves more slowly than the mating point on the rolling ball and hence the surface 
tends to receive a tangential drag in the direction of motion. On the outer edge the 
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TEST CONTACTS 


YDIA. BALLS 


Fig. 9. Four-ball rolling-ball Fig. 10. Diagrammatic representation of cone/three-ball system. 
system for study of pitting. 


situation is reversed. Pits on the balls nearly always started close to the inner edge of 
the track, that is, on the slower of the two surfaces, as occurs in gears and discs (Paper 6). 
This indicates a mechanism of pitting involving extension of pre-existing surface cracks 
through the agency of the lubricant in the manner predicted by Way®. With the cones, 
the difference in superficial speed was less owing to the smaller contact angle, 30°, 
and failure occurred centrally and did not appear to be associated with surface defects. 
Thus the controversy as to whether pitting failure commences at the surface or in the 
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Fig. 11 Pitting failure of a cone-type specimen. 
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zone of maximum stress may be an unreal one. Where considerable surface tractions 
occur, for example, in disc machines and on the dedenda of gear teeth, failure may start 
at the surface, whereas in ball-and roller-bearings and on the pitch circle of gears, failure 
may start within the material. JouNsoN shows that when tangential force is applied 
to the surface, the maximum shear stress may occur on or close to the surface rather 
than within the body of the material, as is usually assumed. Measurements of work 
hardening by WELSH (Paper 77) occurring in disc under pure rolling confirm the classical 
view that the stress system is Hertzian in this instance, the worked region being an 
appreciable distance from the surface of the disc. 


CUTTING 


Opitz (Paper 53), summarizes a series of investigations which have been carried 
out at Aachen and may be described as the basis of an electro-chemical theory of wear. 
In an experiment wherein the tool was electrically insulated from the body of the lathe, 
as much as 5 A of thermo-electric current was measured passing between the tool 
and the work. When this was neutralized by superimposing a counter voltage, tool 
life was increased from 13 to 33 min. X-ray examination of the surface of carbide test 
pieces shows a distinct suppression of the oxidation process when the carbide metal 
has been subject to negative polarity. Cobalt-iron oxides and iron-tungsten oxides 
could be detected when polarity was positive but were absent when it was negative. 
It is claimed that the formation of these oxides is responsible for the high wear rate 
and, as has been mentioned earlier, oxygen caused an increase in wear but nitrogen a 
reduction. The author claims that the investigations are of recent origin and that much 
more work is needed on the influence of different materials and alloys on tool wear 
but the paper does open up an entirely new field of thought concerning the nature of 
the wear process. It may be hoped that the electro-chemistry of wear will be studied 
more intensively in future. 

A fruitful method of studying the nature of the cutting process is examination of the 
cut surface. HALLIDAY (Paper 40) presents sets of micrographs produced by reflection 
electron microscopy of surfaces which have been turned by diamond and tungsten car- 
bide tools. There is no evidence of welding with copper, and small evenly divided 
asperities are observed. Similar cutting operations on aluminium lead to a slight 
amount of transfer from the cut surface presumably onto the tool. The extreme small- 
ness of these lumps (1o~!2cm4) is indicative of the sensitivity of the method. Nickel 
shows two distinct types of finish, some regions are smooth and some are covered by 
small-scale roughnesses. It is suggested that this roughening is caused by a very 
temporary adhesion of nickel to the cutting tool. Some evidence of vibration exists. 
Mild steel on the other hand was very rough with only a few isolated smooth areas. 
Most of the surface is below this level and its rough structure indicates widespread 
welding between the tool and in the specimen. 

That the conditions under which a component is machined may have a profound 
effect on its subsequent resistance to wear is shown by WELSH (Paper 77). Surface 
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strain hardening arising from a machining process may lead to deterioration of the 
surface through pit formation. Steps taken to erradicate machining strains are recom- 
mended as a means for minimizing liability to pitting-type failure, although it is 
possible that in certain circumstances the incidence of this failure is determined by 
sub-surface rather than surface considerations. 

Of particular interest in a conference on lubrication must be the action of cutting 
fluids on tool wear. MERCHANT (Paper 99) claims that the most important function 
of a cutting fluid is to reduce tool wear although improvement of surface finish is also 
desirable. He maintains that a small reduction in tool temperature can produce a large 
increase in tool life. The cutting fluid can reduce tool temperature by conducting heat 
away or by reducing the amount of heat generated in a cutting process. The heat trans- 
fer properties of cutting fluids vary greatly with their type and dilution but water is 
by far the most effective from this point of view. Heat is generated by two processes, 
the plastic flow of the metal ahead of the cutting edge to form a chip and rubbing friction 
between the chip and the tool. For a given tool and material the lower the friction 
between tool and work, the higher will be the shear angle and the less the heat generated 
from plastic deformation. Thus both forms of heat generation are dependent on the 
friction between the chip and the tool so that any effect of a cutting fluid in reduc- 
ing friction has a double advantage. The formation of solid films on the chip-tool 
interface by chemical reaction is regarded as being the most promising mechanism for 
reduction in tool wear. The distribution of wear particles can be correlated directly 
with the various features of chip formation. 

Closely analogous with cutting is lapping, and WILL1AMs (Paper 3) has used radio- 
active techniques to measure the amount of abrasive retained in a surface following 
the lapping process. The amounts of abrasive embedded in the surface of the materials 
was studied: (1) carbon-manganese hardening tool steel; (2) proprietary metal-filled 
carbon seal face material ; (3) copper; (4) sprayed molybdenum ona mild steel substrate. 
Various methods of removing abrasive from the surface were tried but the embedment 
was found to be very persistent. This is a serious conclusion because it may be expected 
to effect the rate of wear of a system in which the lapped surface is employed. Sugges- 
tions are made for minimising the amount of abrasive embeddedin the work. Itisshown 
to be desirable to use small amounts of abrasive in the cooling fluid. A final experiment 
described in the paper shows that if a surface which has been lapped is re-lapped with 
finer abrasive the grains of the first abrasive which had been left embedded in the 
surface are removed. Comparing tool steel with copper, the amounts of embedment 
appear to increase with a decrease in material hardness. 


WEAR IN ENGINES, GEARS, ETC. 

Epcar (Paper 2) discusses the way in which present transportation economy has 
evolved through the partnership of mechanical design and chemical technology. 
Occasional features in which harmony between the two arts has not been achieved are 
mentioned. The central subject is the piston engine, but attention is also directed to 
the engineering achievement represented by the hypoid gear. This particular example 
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of the combination of chemical and mechanical technology is frequently quoted but 
continuing developments make it still a topical subject. Engineering and metallurgical 
effort has brought a steady reduction of size and weight of the rear axles, and one autho- 
rity estimates that 25°, weight and bulk saving is attributable to the use of hypoid 
gears because they are in fact stronger than the corresponding spiral bevel gears. In 
the United States it is estimated that advanced gear and lubrication quality led to 
an aggregate saving of 150,000 tons of weight and a third of a billion dollars in purchase 
price per year saved by the American public. 

Examples of the continuing partnership of the mechanical engineer and lubricant 
technologist are given. With two-stroke Diesel engines of the slower running variety, 
the unidirectional load poses severe problems regarding the wear resistance of the 
gudgeon pin. A combination of the mechanical process of work-hardening the silver- 
lined bush by forcing a polished plug through it, with the selection of the appropriate 
additive to reduce the coefficient of friction, provided a satisfactory solution. An exam- 
ple of intensive design leading to overloading and failure is the development of the 
modern eight-cylinder V-type automobile-engine. Here failure of the valve-tappets and 
cams owing to early wear and pitting occurred and the development of sulphur-phos- 
phor additive was highly effective in preventing the failure of carburized steel tappets. 
This is admitted by the author to be a palliative that has been put to extensive use 
in automobile lubricants in the United States. However, he expresses the hope that 
if the tendency for higher speeds continues, the push-pull system of valve actuation 
should be re-examined and that appropriate double-acting cams should be designed. 
This provides an excellent example of a desire to marry good mechanical design with 
good lubricant technology. One of the most severe wear problems which exist is that 
of the cylinder bore of internal combustion engines. The economic implications of this 
wear defy computation. Experiments in which the rate of wear of cylinder bores and 
piston rings is related to the alkalinity of the lubricant showed rate of wear to be a 
direct function of the alkalinity of the crankcase oil and the author believes that the 
success of the dispersant lubricating oils, the use of which is now customary in Diesel 
engines, is attributable to their high alkalinity. 

A further example of the combination of mechanical design and lubricant technolo- 
gy ina quite different field, namely marine geared steam turbines, is exemplified in a 
paper by Socotorsky, Bryce, DicKINs AND CHISHOLM (Paper 43). Here the ten- 
dency to conserve space has resulted in a reduction of the size of the marine turbine 
reduction-gear sets leading to higher tooth loading. By automobile standards this 
loading was still relatively far from severe, and mild extreme-pressure lubricants 
exist which would enable the load to be carried by the new gears in a perfectly 
satisfactory manner. However, it was desired to use the same lubricant for the steam 
turbines and this resulted in a contradictory requirement. Turbine oil must be stable, 
while extreme-pressure properties demand chemical reactivity and therefore some 
instability. By the use of additives which are only effective at temperatures ap- 
proaching those reached at the gear surface before damage occurs, it has been found 
possible to develop oils which successfully make this compromise. Evidence is provided 
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as to how the use of these oils resulted in an initial wearing-in and improvement of the 
surface of the gears, thereby enhancing their load-carrying capacity. 

An important feature of the engine, second in importance as a wear problem to the 
cylinder bore, is the crankshaft. Extensive tests in service carried out by BAKER AND 
BRAILEY (Paper 102) in which numerous vehicles were employed and in which the 
big-end bearings were lined with various lining metals including a standard, showed 
some vehicles to be more discriminating from the point of wear than others. However, 
the tests showed that the important thing about a white metal bearing lining was not 
the extent to which it wears itself but the extent to which the crankshaft wears. This 
was shown to be due to the embedment of hard particles in the white metal thereby 
acting as a lap for the shaft. Examination of bearing liner surfaces showed that they 
were contaminated by oil-borne metallic particles which had become embedded. The 
majority of the embedded fragments were found to be ferrous and the location of these 
fragments of iron and steel was determined and recorded by an iron printing technique. 
The amount of journal wear which occurred was shown to be governed by the nature 
of the bearing liner and the extent to which the embedded particles in the liner surface 
projected into the journal. The latter factor was governed by the design feature of 
the engine and the manner in which it was operated. For example, inertia loading was 
more damaging than gas loading. Again long bearings tended to give rise to severe 
conditions of edge loading. A large amount of data is presented which supports the 
view that the important mechanism of wear of crankshafts is abrasion by discrete 
particles. The most important function of the bearing material is therefore to allow 
these particles to embed themselves in an innocuous manner. 

Various factors expected to enter into a wear relationship are essentially qualitative 
in character. It is therefore difficult to apply a system of non-dimensional analysis to 
wear studies. However, DUCKWORTH AND FORRESTER (Paper go) have attempted to 
relate their results in this manner and have applied several groupings of the various 
quantities entering into their tests. They finally state that the relationship which gave 
the highest correlation was 


dw/dt/,/mS and HA3/F 


where dw/dé is shaft wear rate expressed in terms of white metal, m is the melting point 
of the lowest melting constituent, S is the combined specific heat of material, that is, 
specific heat of material bulk and not that of an individual component, A is the atomic 
diameter of the major constituent which usually occupies more than 80% of the volume, 
H is the combined hardness of material and F is the free energy of formation of oxide 
of the major constituent. 


CONCLUSION 


It is clear that tools of great elegance are now available which were not at the time 
of the General Discussion (1937) and that measurable progress is being made towards 
understanding the basic nature of wear. It is indeed dangerous to rely too much, to 
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put too much weight on the laboratory work without serious operational study. For 
example the work by the Glacier Metal Co., who show that it is loose particles which 
wear away automobile crankshafts and that the softer material is relatively undamaged, 
may prove very salutary to those who are engaged on academic laboratory studies. 
Perhaps the greatest need is for an exchange of information between those who have 
at their disposal, as part of their daily experience, the knowledge of how machine ele- 
ments in fact wear out and the laboratory research men who have elegant techniques 
at their disposal but who do not necessarily understand the precise conditions under 
which wear occurs in practice. There is a danger that too much time may be spent on 
idealized systems, for example, on the wear of single crystals in high vacua rather than 
multi-crystalline materials in the partial hydrodynamic film with its corrosive and 
abrasive complications as would be encountered in an engine. 

What the future has in store is not clear but no one can dispute from evidence pro- 
vided by the thirty-six papers which are before the Conference today, that there is a 
clear basis for an understanding of wear and for its control in industry. However, as 
mechanical engineering develops, so will the requirements become more and more 
intense. This has been exemplified particularly in EpGaArR’s paper in his reference to 
cam shafts and to hypoid gears. If the knowledge of wear-prevention can be placed 
on a more formal basis, then there will be a more ready response to such new demands, 
demands which will always tend to outstrip the means available at the time for their 
fulfilment. 
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Booser, E. R., Scott, E. H. anp W ; « meee : : 
Materiales D Witcock, D. F., Paper 8, ‘Compatibility Testing of Bearing 


VOL. 1 (1957/58) REPORT ON CONFERENCE PAPERS ON WEAR 445 
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Literature and Current Events 


re 


The purpose of the following sections is to build up gradually an information centre on the various 
aspects of wear. Contributions in English are invited. All items of these 6 sections will be finally 
included in a separate ‘‘Volume-Index of Literature and Current Events”: 

1. Systematic Abstracts on current literature for January and February 1958 as well as those 
for 1954-1955 prepared by Battelle Memorial Institute appear in this issue. ; 

2, A selected number of Authors’ Abstracts (in English), giving more detailed information than 
the ‘‘Systematic Abstracts’’, will be accepted for publication. ; 

3. Bibliographies on work in specialized fields or on work in languages other than those of this 


Journal, will also be published. 


4. Recent Events should assist readers in following progress reported in lectures and in finding 
the names and addresses of specialists and technical groups or societies interested in the various 


aspects of friction, lubrication and wear. 


5. Forthcoming Events will give notice of conferences, meetings, or discussion panels of interest 


to readersof WEAR. 


6. Notes on Contributors should facilitate personal contacts between workers interested in wear 


problems. 


Systematic Abstracts of Current Literature 


Prepared by Battelle Memorial Institute, Columbus, Ohio, U.S.A. 


Reprinted from Battelle Technical Review 


Jan.-Feb. 1958 


For introductory note see this volume p. 2 


(Ed.) 


I. FRICTION 


1.1. General and Fundamentals 


Contribution al’ étude du frottement lubrifié. 
Contribution to the Study of Friction of 
Lubricated Surfaces. 

J. Baudry. Revue de l'Institut Frangais du 
Pétrole et Annales des Combustibles Liquides, 
v. 12, no. 9, Sept. 1957, Pp. 950-994. 
Experiments on an engine with a view to 
ascertaining the relative importance of the 
physico-chemical and mechanical phenomena 
involved in the study of the coefficient of 
friction of two lubricated surfaces. Results 
show the preponderant influence of viscosity 
on the friction value in all lubrication regimes 
whenever the speeds of displacement are no 
longer infinitely small. 


Effects of Extreme Surface Cooling on 
Boundary Layer Transition. 

John R. Jack, Richard J. Wisniewski, and 
N. S. Diaconis. U.S. National Advisory 
Committee for Aeronautics, Technical Note 
4094, Oct. 1957, 19 pp. (TL570 Un3t). 


Boundary-layer transition studies were made 
on various bodies of revolution at a Mach 
number of 3.12 and for Reynolds numbers 
per ft. as large as 15 x 108, Extreme surface 
cooling promotes early transition even with 
favorable pressure gradients and_ blunt 
leading edges. Effects of surface finish were 
small with moderate cooling, but quite large 
with extreme cooling. 


Apparent Adsorption Isotherms of Oleic 
Acid From Hydrocarbons as Obtained From 
Coefficient of Friction Measurements. 
Arnold Miller and Arthur A. Anderson. 
Lubrication Engineering, v. 13, Oct. 1957, 
P- 553-550. 

Boundary friction as a function of tempera- 
ture of steel sliding on lead-base babbitt 
lubricated with various hydrocarbon solu- 
tions of surfactants was investigated with the 
friction pendulum. A number of dilute solu- 
tions of oleic acid in hydrocarbon were studied 
at 60, 80, 100, 120, and 140°C, 
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Welding by Friction. (in Polish) 

Jerzy Orlowski. Przeglad Techniczny, v. 78, 
no. 17, Sept. 1957, p. 668-669. 

Production of the welding heat by friction. 
Smoothness of surface. Esser diagrams. 
Choice of steel. Application to the welding of 
rod, rolled material, and high-speed steel. 


Le frottementlubrifié sous conditions sévéres. 
Lubricated Friction Under Severe Conditions. 
J. Pomey. Revue de Il’Institut Francais du 
Pétvole et Annales des Combustibles Liquides, 
V. 12, June 1957, p. 754-780. 

Thermal calculations. Significance of a 
critical seizing temperature. The process of 
previous metal surface chemical treatments, 
as well as the action of sulfurized or chlori- 
nated products added to the lubricating oil 
are examined on three grounds: absence of 
metal relationship, low friction coefficient, 
and low specific wear. (To be continued.) 


A Study of the Coefficient of Friction in a 
Circular Bearing, by Means of Curves 
p = g (V). (in Rumanian) 

G. Vasilca. Studii si Cercetari de Mecanica 
A plicata, v. 8,no.1, Jan.-Mar. 1957, p. 75-84. 
Relationships resulting from the heat equilib- 
rium developed in a smooth circular bearing 
at any point of the journal bearing, operating 
continuously and at a constant temperature. 
Determining minimum friction. 


Welding of Metals by Friction. (in Russian) 
V.1. Vill’. Suavochnoe Proizvodstvo, 1957,n0.9, 
Sept., p. 19-23. 

Some results of a study on the theory of 
welding by friction, development of techno- 
logical conditions of welding of various metals 
and of necessary special equipment. The basic 
advantages of welding by friction are low 
consumption of energy and power, simplicity 
of installation, and ease of automation. 


1.2. Materials 


The Antifrictional Properties of the Disperse 
Phases of Metal Organosols. (in Russian) 
M. L. Barabash and E. M. Natanson. Kolloid- 
nyi Zhurnal, v. 19, no. 5, Sept.-Oct. 1957, 
P- 534-541. j 

The high efficiency of the friction pairs: steel 
45 against bronze, steel 45 against globular 
gray cast iron, ferro-ceramics against steel 
45, ferro-ceramics against globular gray cast 
iron, steel 45 against modified gray cast iron 
38-60, and modified gray cast iron 38-60 
against 38-60. 
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An Experimental Study of the Friction of 
Rubber Within a Wide Range of Normal 
Pressures. (in Russian) 

V. V. Lavrent’ev. Doklady Akademii Nauk 
SSSR, v. 115, no. 4, Aug. 1, 1957, p. 717-720. 
Friction of rubber on a smooth, hard surface 
at pressures from 1 to 200 kg per sq. cm was 
studied. Application of Thirion and Bartenev 
formulas. 


Selecting Friction Materials. I. Selection 
Factors. Woven, Rubberized and Molded 
Materials. 

Elwin J. Salter. Materials in Design Engineer- 
ing, v. 46, Oct. 1957, p. 130-133. 
Coefficient of friction, wear, smooth operation, 
noise, water sensitivity, and cost are im- 
portant considerations. 


Selecting Friction Materials. II 

Elwin J. Salter. Materials in Design Engineer- 
ing, v. 46, Nov. 1957, p. 134-137. 

Resilient and metallic materials; property 
comparison data. 


1.3. Machine Parts and Machinery 


Does Vibration Affect Friction in a Bolted 
Joint? 

Richard W. Chauner and Desi D. Vasarhelyi. 
Trend in Engineering (University of Washing- 
ton), v. 9, Oct. 1957, p. 23-28. 

Shows a definite relation between vibration 
and the value of the nominal coefficient of 
friction at the beginning of slip. 


Tire-Runway Braking Friction Coefficients. 
Malvin N. Gough, Richard H. Sawyer, and 
James P. Trant, Jr. North Atlantic Treaty 
Organization, Advisory Group for Aeronautical 
Research and Development Report 51, Feb. 
1956, 20 pp. (TL565 Agrir Contin.) 

The problem of obtaining adequate friction 
coefficients for use in determining the stop- 
ping distances of aircraft in landings. Methods 
and instrumentation for obtaining friction- 
coefficient data from full-scale airplane 
landings. Details of a friction-measuring cart 
to be towed over surfaces of interest. 


Friction of Rubber in Lubricated Bearings 
With High Speed and Heavy Loads. (in 
Russian) 

A. V. Kol’chenko and A. A. Silin. Doklady 
Akademii Nauk SSSR, v. 115, no. 4, Aug. I, 
1957, P- 714-716. 

Study of the friction of the axial rubber- 
metallic bearing used in turbine drills. De- 
scription of experiment and equipment used. 


2. LUBRICATION AND LUBRICANTS 


2.1. General and Fundamentals 

Effect of Inertia on Wide-Angle Flow in 
Hydrodynamic Lubrication. 

J. F. Osterle and W. F. Hughes. Engineer, 


v. 204, Sept. 27, 1957, P-. 449- 

For flows in which the slider inclination angle 
is large the neglect of lubricant inertia can 
result in serious error. 
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2.2. Materials 


Cement Mill Lubrication. 

Lubrication, v. 43, Oct. 1957, p. 113-124. 
Composition of cement; additives; manu- 
facturing processes; selection and use of 
suitable lubricants. 


Effect of Lubricant Viscosity on Rolling- 
Contact Fatigue Life. 

Thomas L. Carter. U.S. National Advisory 
Committee for Aeronautics, Technical Note 
4tor, Oct. 1957, 25 pp. (TL570 Un3t). 

The rolling-contact fatigue spin rig was used 
to obtain life data for groups of steel balls 
lubricated with a series of paraffin-base 
mineral oils of varying viscosity. A contin- 
uous trend toward longer life with higher 
lubricant viscosity was observed. Life varied 
approximately as the 0.2 power of lubricant 
viscosity. 

New Nonmetallic Oil Additive Reduces 
Engine Deposits. 

Je A. Miller and) C.K. Parker |raoa 
Journal, v. 65, Nov. 1957, p. 38-41. 
Polymeric detergents are nonmetallic addi- 
tives capable of reducing drastically the 
deposit-forming tendencies of multigrade oils 
under start-stop conditions. 


Selecting Lubricants for High-Performance 
Ball Bearings. 

T. R. Rounds. Microtecnic (English Ed.), v. 
II, nO. 4, 1957, Pp. 173-180. 

Characteristics and uses of oils and greases. 


2.3. Processing Lubricants 

A Threading Test for Cutting Oil Evaluation. 
H. A. Hartung, J. W. Johnson, and A. C. 
Smith, Jr. Lubrication Engineering, v. 13, 
Oct. 1957, Pp. 538-542. 

Test involves generating a thread under 
regulated conditions and measuring the 
torque required. Equipment used is described. 


Cutting Fluid Performance. 
H. W. Husa and W. L. Bulkley. Lubrication 
Engineering, v. 13, Oct. 1957, p. 557-562. 
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A test method is described for the compara- 
tive evaluation of cuttings fluids under typical 
commercial conditions. Measurements of 
tool-wear rate, work surface finish and cutting 
temperatures are used. 


Cutting Fluids: Fundamentals and Labora- 
tory Evaluation. 

L. H. Sudholz. Lubrication Engineering, v. 13, 
Sept. 1957, Pp. 509-515. 
For accurate evaluation, actual metal cutting 
operations under carefully controlled con- 
ditions are required. New test techniques, 
such as the radioactive tracer method, are 
rapid, and results correlate with field ex- 
perience. 


2.4. Bearings 

Bearings, Lubricants, and Lubrication. 
Mechanical Engineering, v. 79, Sept. 1957, 
p. 842-852. 

A digest of 1956 literature covering roller, 
journal, and thrust bearings; gears; boundary 
and metalworking lubrication; automotive 
lubricants; properties of lubricants, mis- 
cellaneous books. 


Diagnosis and Analysis of Plain Bearing 
Failures. 

P. P. Love. Institution of Engineers & Ship- 
builders in Scotland, Tvansactions, v. 100, pt. 
7, 1950-1957, P. 647-671. 

See Wear, 1 (1957/58) 196. 

An Analysis of the Effect of Several Param- 
eters on the Stability of an Air-Lubricated 
Hydrostatic Thrust Bearing. 

Wiliam H. Roudebush. U.S. National 
Advisory Committee for Aeronautics, Technical 
Note 4095, Oct. 1957, 34 pp. (TL570 Un3t). 
Equations are developed for the motion of a 
gas-lubricated hydrostatic thrust bearing, 
and solutions are obtained on a digital com- 
puter for air as the gas. Systematic investiga- 
tions are made of various parameters to 
determine their effect on bearing stability. 
Bearing pad volume and rigidity appear as 
prime controlling factors. 


3. DEFORMATION AND FRACTURE 


Cermets. II. Modes of Fracture and Slip in 
Cemented Carbides. 

N. M. Parikh. American Ceramic Society, 
Journal, v. 40, Oct. 1957, Pp. 335-339: 

Modes of fracture are determined by the 
microstructures which in turn are influenced 
by the relative surface energies of different 
interfaces. A critical film thickness is observed 
in disperse systems at which point the 


4- 
4.1. General and Fundamentals 


A New Way to Select Wear-Resistant Ma- 
terials. 

J. R. Driear. Ivon Age, v. 180, Nov. 21, 1957, 
p. 121-124. 


imparted energy is absorbed in creating slip 
bands rather than fracture. 


A Theory of the Fracture of Metals. 

A. N. Stroh. Advances in Physics, v. 6, Oct. 
1957, Pp. 418-465 + 4 plates. 

Strength of the ideal lattice; brittle fracture; 
lower yield point; brittle-ductile transition; 
propagation of cracks; ductile fracture. 


WEAR 


Wear applications can be classified according 
to stress and lubrication conditions. The 
experience of others is valuable in initial 
selection of materials for a _ particular 
job. 
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4.2. Types of Wear 


Fretting Fatigue Strength of Titanium Alloy 
RC 130B. 

H. W. Liu, H. T. Corten, and G. M. Sinclair. 
American Society for Testing Materials, 
Preprint No. 66, 1957, 19 pp. (TAqgor1 Am35p 
Vis.) ; 

The mechanism responsible for fretting 
fatigue damage appears to be the repeated 
frictional shear stress on the contacted as- 
perities of the specimen surface. A mathe- 
matical expression was derived which relates 
the fretting fatigue strength to the fatigue 
limit of the specimen material, the hardness of 
the gripping pad, and the coefficient of 
friction. 


Fretting Corrosion as an Engineering Prob- 
lem. 

K. H. R. Wright. Corrosion Prevention & 
Control, v. 4, Nov. 1957, p. 37-44. 
Characteristics and mechanism of fretting 
corrosion; surface treatments and lubrication 
as remedial measures; fatigue. 


4.3. Metals 


Wear of Metals. 

F. T. Barwell. Metal Industry, v. 91, Sept. 27, 
1957, P- 258 + I page. 

Scuffing, fretting corrosion, and simple 
sliding phenomena are discussed. 


4.4. Machine Parts and Machines 


Metallurgical Factors Affecting Locomotive 
Castings. 

W. Montgomery. British Foundryman, v. 50, 
pt. 10, Oct. 1957, Pp. 493-503. 

Typical casting and associated production 
problems; non-destructive testing methods; 
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wear of brake shoes and cylinder liners; 
reclamation of iron casting by welding; a self- 
hardening core oil based on tung oil. 


Experimental Investigation of Cermet Tur- 
bine Blades in an Axial-Flow Turbojet 
Engine. 

William C. Morgan and George C. Deutsch. 
U.S. National Advisory Committee for Aevo- 
nautics, Technical Note 4030, Oct. 1957, 20 pp. 
(TL570 Un3t) 

Chipping in the tip region was a common 
characteristic in blade failures. Analysis 
indicates two probable causés of failure, im- 
pact and fatigue. Elimination of excessive C 
in the combustion chambers. and avoiding 
conditions of extreme vibration made an 
improvement in test blade life. 


Durability Increase of Ball Bearing Races. 
(in Russian) 

A.M. Pikovskii. Avtomobil’naia i Traktornaia 
Promyshlennost’, 1957, no. 9, Sept., p. 17-18. 
Experimental and theoretical study. For 
increased durability, it is necessary to provide 
the optimum angle of contact between the 
ball and the cage by enlarging the sphere 
radius of each half-race. Durability depends 
also on some technological factors and 
methods of inspection. 


Teflon-Based Piston Rings for Nonlubricated 
Applications. 

Richard D. Taber and Fred A. Robbins. 
Mechanical Engineering, v. 79, Sept. 1957, 
p. 838-841. 

Piston rings for gas and chemical-process 
compressors. Wear test results for K-30 
material, consisting of Teflon specially com- 
pounded with fine-glass fibers. 


5. ANALYSIS AND TESTING 


5.1. Surface Structures 


Use of Electron Diffraction for the Study of 
Oxide Films on the Surface of Cemented 
Carbides. 

K. P. Imshennik and V. A. Landa. Henry 
Brutcher Tyanslation No. 4041, 5 pp. (From 
Zavodskaia Laboratoriia, v. 23, no. 6, 1957, 
p- 699-702.) Henry Brutcher, Altadena, Calif. 
Proof of presence of TiO, on as-delivered and 
on oxidized surfaces of tool tips high in TiC, 
and of WO, on surfaces of oxidized specimens 
low in, or containing no, TiC. Recommended 
method for removing TiO, from tips before 
brazing them onto tool shanks. 


Chemical Analysis of the Surface Layers of 
Metal Exposed to Different Types of Wear. 
B. I. Kostetskii, N. L. Golego, and P. K. 
Topekha. Henry Brutcher Translation No. 
4037, 4 pp. (From Vestnik Mashinostroeniia, 


v. 36, no. 10, 1956, p. 25-260.) Henry Brutcher, 
Altadena, Calif. 


5.2. Hardness (no abstracts) 


5.3. Tvacer Techniques 


The Application of Radioactive Tracers to 
Surface Studies. 

R. W. Cahn. Institute of Metal Finishing, 
Bulletin, v. 7, Autumn 1957, p. I-12. 
Radioactive isotopes and their measurement ; 
ionic exchange between metal and electrolyte ; 
application of tracers in studying electrodep- 
osition, adsorption, corrosion, and friction. 


5.4. Wear Testing and Wear Testers 

A Survey of Abrasion Resistance Tests for 
Vitreous Enamels. 

J.-A. Clarke. Metal Finishing Journal, v. 3, 
Oct. 1957, p. 408 + 5 pages. 
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Wear Tests on Concrete Using the German 
Standard Method of Test and Machine. 
James L. Sawyer. American Society for 
Testing Materials, Preprint No. 78, 1957, 11 
pp. (TAqgo1 Am35p Vis.) 

The Ebener testing machine duplicates a 
practical wear condition by rolling steel balls 
under pressure over the concrete surface. 
This results in the surface being subjected to 
abrasion caused mainly by rolling and sliding 
friction accompanied by some pounding or 
beating force. 


A Constant Torque Abrasion Machine With 
a Permanent Abrasive Surface. 
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Ira Williams. Rubber World, v. 137, Oct. 1957, 


p. 78-83. 
See Wear, I (1957/58) 271. 


High-Altitude Carbon Brush Problem. 

(in Polish) 

Kwiryn Zuchowicz. Technika Lotnicza, v. 12, 
no. 5, Sept.-Oct. 1957, p. 134-138. 
Apparatus measuring the use of carbon 
brushes at high altitudes. Effects of the 
pressure of O and water vapor and of the 
average temperature of the brushes on fric- 
tion coefficient. Protective layer in saturated 
brushes. Their use at different heights in 
various amounts of moisture. 


6. WEAR RESISTANCE OF MATERIALS (no abstracts) 


7. SURFACES AND SURFACE TREATMENTS 


7.1. General 


Rolling as an Efficient Method for Raising 
the Wear Resistance of Pinions. (in Russian) 
A. A. Novik and M. A. Balter. Vestnik Ma- 
shinostroentia, v. 37, no. 10, Oct. 1957, p. 
65-68. 

As a result of the rolling process, residual 
strength develops on the metal surface. This 
strength added algebraically to the tensile 
strength produced in the working process of 
parts, decreases the cyclic amplitude, and 
thus increases the life of parts. 


A Study of the Deformed Layer Produced on 
Metal Surfaces by Mechanical Machining, 
Abrasion and Polishing Operations. 

L. E. Samuels. Electroplating and Metal 
Finishing, v. 10, Oct. 1957, p. 315 + 4 pages. 
Machining, abrasion, and metallographic 
polishing operations; production of defor- 
mation-free surfaces. 


The Nature of Mechanically Polished Metal 
Surfaces : The Surface Deformation Produced 
During the Abrasion and Polishing of Zinc. 
L. E. Samuels and G. R. Wallwork. Institute 
of Metals, Journal, v. 86, Sept. 1957, p. 43-48. 
The deformed layer detected on abraded 
surfaces consists of two parts: an outer 
recrystallized layer and a subsurface layer 
containing deformation twins and kink bands. 
The layer produced during polishing is of an 
entirely different nature, consisting of isolated 
rays of twinned material associated with 
individual polishing scratches. 
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Resistance to Wear Upon Saturation of a 
Steel Surface With Carbide-Forming Ele- 
ments. (in Russian) 

G. N. Dubinin. Metallovedenie i Obvabotka 
Metallov, 1957, no. 9, Sept., p. 21-25. 


Wear resistance data are given for carbon 
steel surfaces containing Cr, V, Cb, W, Mo, 
or Mn. 


X-Ray Study of the Sulfurizing of Steel. 

Iu. M. Vinogradov and V. D. Zelenova. 
Henry Brutcher Translation No. 4032, 6 pp. 
(From Zavodskaia Laboratoriia, v. 23, no. 6, 
1957, p. 697-698.) Henry Brutcher, Altadena, 
Calif. 

Comparison of X-ray spectra of surface 
layers of specimens of 0.45% plain C steel 
sulfurized in nine different baths. Procedure 
for X-ray analysis and testing for frictional 
wear. Composition of sulfurizing baths. 

7.3. Grinding 

Determination of the Heat Developed in a 
Part During Surface Grinding. 

A. V. Podzei. N. N. Novikov, and V. E. 
Loginov. Stanki i Instyrument, v. 28, no. 8, 
Aug. 1957, P- 33-34. 

Description of a special calorimetric in- 
stallation for determination of the tempera- 
ture field in a part, with equipment for 
holding the specimens directly in the liquid 
bath. Results of calorimetric tests. 


Effect of Grinding Conditions and Resultant 
Residual Stresses on the Fatigue Strength of 
Hardened Steel. 

L. P. Tarasov, W. S. Hyler, and H. R. Letner. 
American Society for Testing Materials, 
cake No. 65, 1957, 18 pp. (TAqgo1 Am35p 

is. 

Fatigue limit was investigated as a function 
of the residual stresses generated in flat test 
bars by longitudinal surface grinding, the 
experimental variables being wheel hardness, 
grinding fluid, and unit down-feed. For good 
commercial conditions the limit was the same 
as that obtained under gentle grinding. 
Severe grinding caused a decrease of about 
13%. Cyclic stressing did not reduce the 
magnitude of the residual stresses. 
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7.4. Finishing 


Metal Finishing Guidebook and Directory, 
1958. 

26th Ed. 678 pp. 1957. Finishing Publications, 
Westwood, N. J. (T13 Ms56f). 

Includes papers on finishing plant engineer- 
ing; mechanical and chemical surface prepa- 
ration; plating solutions and operating data; 
special plating procedures; special surface 
treatments; control, analysis, and testing. 


Die Bedeutung des Kugelpolierens fiir die 
Oberflachenbehandlung von Metallen. 

The Importance of the Barrel Burnishing 
Process for the Surface Treatment of Metals. 
M. Dreher. Metall, v. 11, Sept. 1957, p. 752- 
1546 

Review of methods, advantages, and possi- 
bilities of barrel finishing. 


The Linde Flame-Plating Process. 

H. J. Haycock and R. J. Fraser. Machinery 
(London), v. 91, Sept. 27, 1957, Pp. 738-742. 
Process provides for the application of 
particles of W carbide or Al oxide by means 
of a special gun. The coatings can be applied 
to a variety of metals and are finding nu- 
merous applications where a high resistance 
to abrasion is required. 
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Ultrafinishing—A New High Precision Lap- 
ping Process. 

T. G. Lewis, Jr. ASME, Transactions, v. 79, 
Oct. 1957, p. 1699-1706. 

Describes patented techniques, called ultra- 
finishing, including the necessary variations 
in velocity to permit the lapping of soft 
homogeneous and hard heterogeneous metals. 


Barrel Finishing Operation Improves Fatigue 
Strength of Jet Engine Parts. 

J. D. Marble and C. V. Ruehrwein. Tool 
Engineer, v. 39, Nov. 1957, p. 99-101. 
Barrel finishing produced satisfactory finishes 
at acceptable rates of speed and relatively 
low cost. Tests established that the degree of 
surface roughness has a pronounced effect on 
the fatigue limits of hardened AISI 4130 steel. 


Practical Aspects of Aluminum Hardcoating. 
A. W. Sweet. Plating, v. 44, Nov. 1957, p. 
ITQI-1196. 

Characteristics and structure of the hard- 
coats; equipment and processing details; 
finished hardcoated parts. 


Barrel Silver Plating. 

I. J. Warwick. Product Finishing, v. 10, 
Oct. 1957, p. 61-65. 

Chief applications; barrel plating require- 
ments; types of barrel; plating procedure. 


8. MACHINING AND METAL WORKING 


8.1. Cutting Tools and Cutting 


Influence of the Machined Diameter on the 
Behaviour of Cutting Tools During Turning 
Operations. 

F. Eugéne, B. Jugue, and R. Parran. Micro- 
tecnic (English Ed.), v. 11, no. 4, 1957, Pp. 
147-150. 

Average interfacial temperature between 
chips and tool is higher when machining small 
diameters. Consequently tool wear is more 
rapid than when machining large diameter 
pieces. 


8.2. Special Methods 


Elektroerosive Bearbeitungsverfahren in der 
feinmechanischen Industrie. 

Electrical Erosion Tooling Methods in the 
Mechanics Precision Industry. 

W. Gruner. Feingerdttechnik, v. 6, no. 9, 
Sept. 1957, P- 405-409. 
Advantages and disadvantages of the electric 
spark treatment of metals. Description of 
different apparatus and applications. 
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Systematic Abstracts of Papers Published in 1954 and 1955 


a 


Reprinted from Battelle Technical Review 1955 


Published by permission of Battelle Memorial Institute, Columbus, Ohio, U.S.A. 


This selection of abstracts should assist the reader in tracing work published some years ago. 
A special Subject Index will combine all abstracted matter at the end of this volume. Tt 

The classification deviates slightly from that used for the Systematic Abstracts 1957. Within 
each sub-group the Abstracts are systematized alphabetically. 


Ds 


Frictional Adhesion of Metal to Glass, 
Quartz, and Ceramic Surfaces. 

Richard B. Belser. Review of Scientific Instru- 
ments, v. 25, Sept. 1954, p. 862-864. 
Experimental work on Ti, Zr, and other met- 
als; applications in producing decorative 
designs, glass-to-metal joints, electric con- 
ductors, and in glass cutting. Tables, micro- 
graphs. 


Recent Studies of Metallic Friction. I-II. 
F. P. Bowden. Engineer, v. 198, Dec. 24, 1954, 
p. 886-889; Dec. 31, 1954, p. 902-905. 
Friction between metallic surfaces and of non- 
metallic solids; surface temperature of sliding 
solids; ignition of fire-damp due to frictional 
hot spots and hot metal particles; high speed 
friction; rolling friction. Graphs, diagrams, 
photographs, tables, micrographs. 


Recent Studies of Metallic Friction. 

F. P. Bowden. Chartered Mechanical Engineer, 
v. 2, Feb. 1955, p. 86-1or. 
Mechanism of friction; metal transfer; surface 
temperature of sliding solids. Micrographs, 
photographs, diagrams, graphs, tables. 25 ref. 


Investigation of the Relation Between the 
Force of Friction and “‘Elementary Forces’’. 
(in Russian) 

A. V. Bulgadaev. Doklady Akademii Nauk 
SSSR, v.97, no. 5, Aug. 11, 1954, p. 805-808. 
Effects of different loads on friction between 
dry and lubricated surfaces of various degrees 
of smoothness. Graphs. 


The Mechanism of Rolling Friction. I. The 
Plastic Range. II. The Elastic Range. 

K. R. Eldredge and D. Tabor. Royal Society, 
Proceedings, v. 229, ser. A, Apr. 21, 1955, p. 
181-220 + 4 plates. 

Describes a study of the friction and surface 
damage produced when a hard steel sphere 
rolls between flat parallel surfaces of a softer 
metal and the mechanism of rolling friction 
under conditions where the deformations in- 
volved are predominantly elastic. Graphs, dia- 
grams, tables, photographs. 34 ref. 


(Ed.) 


FRICTION 


New Method of Determining the Coefficient 
of Sliding Friction and Its Application to 
Investigation of Adsorption-Lubricating Ac- 
tion. (in Russian) 

G. I. Epifanov, F. P. Soloshko, and P. A. Re- 
binder. Doklady Akademii Nauk SSSR, v. 99, 
no. 5, Dec. 11, 1954, p. 801-804. 

The nature of friction is distinguished by the 
presence of a non-stationary region in which 
rolling friction is transformed directly to slid- 
ing friction. Graphs, diagram. 11 ref. 


Apparatus for Studying Friction and Sliding 
Electrical Contacts. 

D. G. Flom. Review of Scientific Instruments, 
v. 26, Jan. 1955, p. 1-4. 

Kinetic friction is recorded by a sensitive 
strain gage system. Photographs, diagram, 
graphs. 


The Role of Friction in Metal-Working Pro- 
cesses. 

Hugh Ford. Institute of Petroleum, Journal, 
v. 40, Oct. 1954, Pp. 291-294. 

Examines coefficient of friction in the pro- 
cesses and compares typical values with those 
found in the usual slider tests. Possible mech- 
anism of friction; requirements of lubri- 
cants. Diagrams, tables. 11 ref. 


Friction Between Unlubricated Metals: A 
Theoretical Analysis of the Junction Model. 
A. P. Green. Royal Society, Proceedings, v. 228, 
ser. A, Feb. 22, 1955, p. 191-204. 

Stresses and deformations in surfaces subject- 
ed to sliding friction. Diagrams, graphs. 16 ref. 


Deformation Properties of Friction Junc- 
tions. 

J. A. Greenwood and D. Tabor. Physical So- 
ciety, Proceedings, v. 68, no. 429B, Sept. 1955, 
Pp. 609-619. 

Describes investigation of sliding friction by 
shearing large-scale models under conditions 
where no displacements are allowed. Graphs, 
diagrams, tables. 6 ref. 
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Friction Apparatus for Very Low-Speed Slid- 
ing Studies. 

F. Heymann, E. Rabinowicz, and B. G. Right- 
mire. Review of Scientific Instruments, v. 26, 
Jan. 1955, p. 56-58. 

Device eliminates stick-slip vibration. Dia- 
grams, charts. 5 ref. 


Frictional Vibrations. 

David Sinclair. Journal of Applied Mechanics, 
v. 22, June 1955, p. 207-213. 

Frictional vibrations, such as stick-slip motion 
and automobile-brake squeal, which occur 
when two solid bodies are rubbed together, are 
analyzed mathematically and observed exper- 
imentally. Table, photographs graphs. 17ref. 


Surface Friction and Lubrication in Cold 
Strip Rolling. 
P. W. Whitton and Hugh Ford. Institution of 
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Mechanical Engineers, Proceedings, v. 169, no. 
5, 1955, P. 123-133 + 2 plates; disc., p. 133- 
140. 

Method of measuring the friction in the roll 
gap under the conditions of the cold rolling 
process without making use of any theory of 
the distribution of roll pressure along the con- 
tact arc. Method, and friction coefficients so 
found are used to compare calculated and meas- 
ured values of roll force and torque. Diagram, 
tables, graphs, photographs, micrographs. 31 
rete 


The Contact Resistance and Mechanical Pro- 
perties of Surface Films on Metals. 

R. W. Wilson. Physical Society, Proceedings, 
v. 68, no. 429B, Sept. 1955, p. 625-641. 
Investigation of electrical contact resistance 
and coefficient of friction of many noble and 
base metalsin both clean and lubricated states. 
Diagrams, graphs, tables. 21 ref. 


2. LUBRICATION AND LUBRICANTS 


2.0. Books 


Manufacture and Application of Lubricating 
Greases. 

C. J. Boner. 977 pp. 1954. Reinhold Publishing 
Corp., New York. (TJ1077 B64.1m) 
Composition, properties, and uses; structure 
and theory ; raw materials, processes, and man- 
ufacturing equipment; specific thickeners 
and additives. The effects of each ingredient or 
treatment upon characteristics of final prod- 
uct, and methods of evaluating characteris- 
tics by chemical or physical means. 


Basic Lubrication Practice. 

Allen F. Brewer. 286 pp. 1955. Reinhold Pub- 
lishing Corp., New York. (TJ1075 B75b) 
Practical, on-the-job information for lubri- 
cation and maintenance engineers, plant or 
shop foremen, purchasing agents, and stu- 
dents. 


Lubrication of Industrial and Marine Ma- 
chinery. 

William Gordon Forbes. 2nd Ed. (Revised by 
C. L. Pope and W. T. Everitt.) 351 pp. 1954. 
John Wiley & Sons, New York. (TJ1075 
F74L2) 

Selection, application, and control of lubri- 
cants and lubricating devices. 


Viscosity of Lubricants Under Pressure. 
Mayo D. Hersey and Richard F. Hopkins. 87 
pp- 1954. The American Society of Mechanical 
Engineers, New York. (TJ1075 H43v) 
Coordinated data from 12 investigations 
published prior to 1951. 


2.1. Geneval and Fundamentals 

Bearings, Lubricants, and Lubrication. 
Mechanical Engineering, v. 77, Sept. 1955, Pp. 
789-801. 


A digest of 1954 literature reviews bearing 
lubrication, automotive, gear, and metalwork- 
ing lubricants, lubricant theory and proper- 
ties; 230) ret. 


The Influence of Moisture on the Friction & 
Surface Damage of Clean Metals. 

R. O. Daniels and A. C. West. Lubrication 
Engineering, v.11, July-Aug. 1955, p. 261-260. 
A controlled atmosphere, low-speed friction 
apparatus for fundamental boundary lubri- 
cation studies is described. Photographs, mi- 
crograph, graphs, diagrams. 13 ref. 


Hydrodynamic Theory of Lubrication During 
Rolling. (in Russian) 

P. L. Kapitsa. Zhurnal Tekhnicheskoi Fizihi, 
v. 25, no. 4, Apr. 1955, p. 747-762. 
Equations for viscosity, pressure, friction and 
coefficient; pattern of lubrication with cyl- 
inders or spheres rolling in lubricating layer. 
Graphs, drawings. 3 ref. 


Research Points Way to New Methods of 
Preventing Galling and Seizing. I-II. 

E. S. Machlin. Ivon Age, v. 175, Feb. 10, 1955, 
p. 91-93; Feb. 17, 1955, p. 104-106. © 
Influence of film nature and hardness of sup- 
porting matrix on behavior of bearings. Ta- 
bles, graphs. ro ref. 


Recent Advances in the Hydrodynamic The- 
ory of Slider-Bearing Lubrication. 

F. Osterle and E. Saibel. Lubrication Engineer- 
ing, v. 11, May-June 1955, p. 187-192. 
Includes diagrams, graphs. 7 ref. 


Influence of Lubricants Upon the Surface 
Flow of Metal. 

S. Ya. Veiler. Henry Brutcher Translation No. 
3519, 6 pp. (From Doklady Akademii Nauk 
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SSSR, v. 99, no. 6, 1954, p. 1025-1027.) Henry 
Brutcher, Altadena, Calif. 

Study of influence of different lubricants upon 
tangential force, micro-structure, and micro- 
hardness through flow in surface zone. Photo- 
graphs, tables. 4 ref. 


2.2. Materials 

Fluororcarbon + Porous Bronze + Steel 
Backing = New Dry Bearing Material. 
Materials & Methods, v> 42, Sept. 1955, p- 
94-95. 

Excellent friction, chemical, and wear prop- 
erties of polytetrafluoroethylene are com- 
bined with strength, thermal conductivity and 
dimensional stability of metals by impreg- 
nating porous metal matrix with resin. Photo- 
graphs, table. 


Metallic Friction and Lubrication by Laminar 
Solids. A Review of Current Theories. 
Ernest Koenigsberg and V. R. Johnson. Me- 
chanical Engineering, v.77 Feb. 1955 p. 141- 
147. 

Analysis of validity of current knowledge and 
hypotheses. Diagrams, graphs. 48 ref. 


P.T.F.E.-Impregnated Dry Bearings. 

D. C. Mitchell and A. E. Burke. Engineers’ 
Digest, v. 16, Feb. 1955, p. 53-58. 

Methods of impregnating bronze bearings 
with polytetrafluorethylene. Testing proce- 
dures. Performance of bearing. Tables, graphs, 
photograph, diagram, micrographs. 9 ref. 


Factors Influencing Friction © Wear With 
Solid Lubricants. 

M.B. Peterson and R. L. Johnson. Lubrication 
Engineering, v. 11, Sept.-Oct. 1955, p. 325-330. 
Most data obtained with MoS, using low speed 
friction and wear apparatus for steel test spec- 
imens. Photograph, graphs, tables, micro- 
graph. 8 ref. 


Filled Teflon for Dry Bearings. 

S. Ricklin and Robert R. Miller. Materials & 
Methods, v. 40, Oct. 1954, p. 112-114. 

Four new compositions provide improved ser- 
vice under severe conditions. Photographs, 
tables. 


Das_ Reibungsverhalten von Kunstharz- 
Presstoffen in Gleitlagern. 

The Friction Characteristics of Non-Metallic 
Sleeve Bearings. 

Ernst Wenger. Stahl und Eisen, v. 74, no. 19, 
Sept. 9, 1954, p. 1202-1212. 

Principles of friction and lubrication. Com- 
parison of various types of bearings. Diagrams, 
graphs, photographs, table. 12 ref. 


2.3. Processing Lubricants 


Symposium on Metal-Working Oils. I. Metal 
Cutting. 
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Institute of Petroleum, Journal, v. 40, Sept. 
1954, P- 243-276; disc., p. 276-290. 

Includes ‘‘Mechanism of Friction and Lubri- 
cation in Metal-Working’’, F. P. Bowden and 
D. Tabor; ‘‘A Preliminary Investigation of the 
Effectiveness of Various Chlorinated Hydro- 
carbon Compounds as Cutting Oil Additives”, 
K. J. B. Wolfe, M. D. Kinman, and G. Lennard; 
“Some Aspects of the Metal Cutting Process’, 
Geo. V. Stabler; ‘‘Mechanical Testing of Cut- 
ting Oils’, .S. Mortonand R. Tourret; ‘‘Satis- 
factory Records are Essential to the Economic 
Application of Cutting Fluids’, H. Grisbrook; 
and ‘‘The Evaluation of Cutting Fluids With 
Special Reference to Practice in the U.S.A.”’, 
A. J. Chisholm. 


2.4. Bearings 

New Dry Bearing. 

Automobile Engineer, v. 44, Dec. 1954, p. 567- 
568. 

Design, advantages, and applications of a 
steel backed, strip type bearing lined with 
porous bronze impregnated with polytetra- 
fluoroethylene. Table, photograph. 


Theory for a Slider Bearing With a Convex 
Pad Surface; Side Flow Neglected. 
Stanley Abramovitz. Franklin Institute, ] owr- 
nal, v. 529, Mar. 1955, p. 221-233. 

The effect of pad-surface curvature on load 
capacity, center of pressure, and fluid friction 
is determined using Reynolds’ differential 
equation in hydrodynamic lubrication theory. 
Diagrams, graphs. 6 ref. 


Research in Bearings. 

C. M. Allen and W. H. Goldthwaite. Battelle 
Technical Review, v. 3, Nov. 1954, p. 113-117. 
A critical review of the problems and the need 
for research in bearing development and de- 
sign for newer mechanisms which operate un- 
der conditions of higher speeds and tempera- 
tures, in presence of corrosive lubricants, and 
which require suitable materials for movable 
joints. Micrographs, table. 


Selecting Miniature Bearings. 

H. M. Dardani. Electronic Design, v. 3, May 
1955, P- 42-45. 

Types and uses of bearings for electronic de- 
vices. Tables, diagrams, nomographs, photo- 
graphs. 


Le palier fluide et ses applications. 

The Fluid Bearing and Its Applications. 

P. Gérard. Métallurgie et la construction méca- 
nique, v.87,n0. 3, Mar. 1955, p. 181 + 4 pages. 
Description and industrial possibilities. Dia- 
grams, graphs. 13 ref. 


Testing Ball Bearings at High Rotational 
Speeds. 


M. Graneek and H. L. Wunsch. Engineering, 
v. 178, Nov. 26, 1954, p. 695-697. 
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Development of an experimental machine to 
determine performance of high-precision bear- 
ings by measuring frictional torque under 
defined axial and radial loading at speeds up 
to 50,000 r.p.m. Diagrams, graphs. 


Das Mantellager, die werkstoffgerechteste 
Anwendungsform des Plastgleitlagers. 

The Bushing Bearing, Proper Use of the Plas- 
tic Friction Bearing. 

A. Keil. Plaste und Kautschuk, v. 1, no. 10, 
Oct. 1954, p. 233-234. 

Principle, advantages, and disadvantages of a 
bearing in which a plastic bushing is firmly 
attached to the shaft. 


Functions of Materials in Bearing Operation. 
P. P. Love, P. G. Forrester, and A. E. Burke. 
Institution of Mechanical Engineers, Auto- 
mobile Division, Proceedings, no. 2, 1953-1954, 
p. 29-39 + 4 plates; disc., p. 40-44. 

Bearing design; factors affecting operation; 
selection of metals. Diagrams, photographs, 
micrographs, graphs. 16 ref. 
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Empirical Methods Developed to Forecast 
Life of Self-Enclosed, Grease-Lubricated 
Ball Bearings. 

Harry D. Martin and Peter J. Baker. General 
Motors Engineering Journal, v. 2, Mar.-Apr. 
1955, Pp. 16-21. 

Effects of speed, load, and temperature. Dia- 
grams, tables, graphs. 


Copper Alloy Bearings. 

J. B. Mohler. Materials & Methods, v. 40, Oct. 
1954, P. 97-99. 

Alloysand forms available ; bearing properties; 
design factors; applications. Photographs, 
tables. 


A Guide to Bearing and Bushing Choice. 
I. Bearing Materials. IJ. Picking the Right 
Bearing. 

J. B. Mohler. Steel, v. 137, Aug. I, 1955, p. 76- 
78; Aug. 8, 1955, p. 88-89. 

Provides and tabulates necessary data. Tables, 
photographs. 


3. DEFORMATION AND FRACTURE (no abstracts) 


4. WEAR 


4.1. General and Fundamentals 


Friction, Wear, and Surface Damage of 
Metals as Affected by Solid Surface Films. 
Edmond E. Bisson, Robert L. Johnson, Max 
A. Swikert, and Douglas Godfrey. U. S. Na- 
tional Advisory Committee for Aeronautics, 
Technical Note 3444, May 1955, 60 pp. (TL570 
Un3t) 

Results of investigations, from 1946 to 1954, 
are consistent with theoretical predictions that 
solid surface films of low shear strength can 
serve to reduce both friction and surface dam- 
age, with metallic oxides having very marked 
effects. Graphs, diagrams, micrographs, ta- 
bles. 48 ref. 


Effects of Sliding Velocity & Temperature 
on Wear & Friction of Several Materials. 
R.L. Johnson, M. A. Swikert, and E. E. Bisson. 
Lubrication Engineering, v. 11, May-June 
1955, P- 164-170. 

Materials; apparatus and procedures; results. 
Table, diagram, graphs. 17 ref. 


The Relation Between Friction and Wear for 
Boundary-Lubricated Surfaces. 

E. Rabinowicz. Physical Society, Proceedings, 
v. 68, no. 429B, Sept. 1955, p. 603-608. 
Describes experiments in which metal transfer 
and loose wear were measured. Graphs. 7 ref. 


4.2. Types of Wear 


4.2.1. Cavitation 

An Experimental Study of Acoustically In- 
duced Cavitation in Liquids. 

William J. Galloway. Acoustical Society of 


America, Journal, v. 26, Sept. 1954, p. 849- 
857. 

Measured factors of air content, hydrostatic 
pressure, temperature, and surface tension. 
Photographs, diagrams, graphs, table. 15 ref. 


Recent Investigations of the Mechanics of 
Cavitation and Cavitation Damage. 

Robert T. Knapp. ASME, Transactions, v. 77, 
Oct. 1955, Pp. 1045-1054. 

Describes water-tunnel investigations into the 
mechanics of ‘‘fixed’’-type cavitation and into 
the probable mechanism through which this 
type causes material damage. High-speed mo- 
tion pictures were used to study the cavity 
mechanics, and indications of the damage 
pattern were obtained by measuring the pit- 
ting rate on soft Al test specimens. Photo- 
graphs, diagram, graphs, tables, micrographs. 
18 ref. 


Control of Cavitation in Pressure-Reducing 
Installations. 

W. A. Kunigk. American Water Works Asso- 
ciation, Journal, v. 46, Oct. 1954, Pp. 955-959. 
Experience with two specific pressure-reduc- 
ing installations in a distribution system and 
a practical approach to the elimination of 
cavitation erosion. Photographs, diagrams, 
graph, table. 


On the Mechanism of Cavitation Damage. 
M. S. Plesset and A. T. Ellis. ASME, Tvans- 
actions, v. 77, Oct. 1955, p- 1055-1064. 

A new method for producing cavitation dam- 
age in the laboratory is described in which the 
test specimen has no mechanical accelerations 
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applied to it in contrast with the conventional . 


magnetostriction device. Alternating pres- 
sures are generated in the water over the spec- 
imen by exciting a resonance in the water 
cavity. Diagrams, tables, photographs, micro- 
graphs. 8 ref. 


The Resistance of Some Cast and Plated 
Sleeve-Bearing Materials to Cavitation Ero- 
sion. 

R. A. Schaefer, J. F. Cerness, and H. A. Tho- 
mas. Institute of Metal Finishing, Transac- 
tions, Advance Copy, no. 26, v. 31, 1954, 10 pp. 
+ 2 plates. (TS670 E25}) 

Tests using H.F. vibration in oil show Ag-2% 
Pb and 74-10-16 Cu-Sn-Pb have promise for 
high speed sleeve bearings at high tempera- 
tures. Diagrams, tables, photographs, graph. 
Dy7ten: 


Hydraulic Method of Protecting Turbines 
From Cavitation Erosion. (in Russian) 

Ix. K. Shal’nev. Vestnik Akademii NaukSSSR, 
v. 25, no. 8, Aug. 1955, p. 50-52. 
Technological methods of protection involve 
use of high-alloy metals in the building or 
repair of turbines and turbine parts. However, 
the hydraulic methods produce better design 
and smoother, stream-lined parts. Diagrams. 


Cavitation-Pitting by Instantaneous Chemi- 
cal Action From Impacts. 

Irving Taylor. American Society of Mechanical 
Engineers, Paper No. 54-A-109, 1954, Il pp. 
TJx Am35p) 

Some ideas and contentions on the cavitation 
pitting that occurs when the impacts release 
hydroxyl radicals in water or release ions in 
liquid metals. Table. 


4.2.2. Fretting Corrosion 


Fretting and Fretting Corrosion. 
Lubrication, v. 41, Aug. 1955, p. 85-96. 
Scope; detection; mechanism. Effects of lu- 
brication and other factors which influence 
fretting. Photographs, diagram, tables. 26 ref. 


Fretting Corrosion on a Screwed Joint Under 
Prolonged Fatigue Loading. 

J. E. Field. Engineer, v. 200, Aug. 26, 1955, 
Pp. 301-303. 

Tests on the reduction of the inherent fatigue 
resistance of a part subject to fluctuating 
stresses by fretting corrosion. Photographs, 
diagrams, table. 


Fretting Corrosion of Mild Steel in Air and 
in Nitrogen. 
I-Ming Feng and Herbert H. Uhlig. Journal 
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of Applied Mechanics, v. 21, Dec. 1954, Pp- 395- 
400. 

Weight loss as a measure of damage; effects 
of time, humidity, temperature, slip, pressure, 
and frequency; nature of corrosion products. 
Graphs, photographs, table, diagram. 18 ref. 


Mechanism of Fretting Corrosion. 

Herbert H. Uhlig. Journal of Applied Mechan- 
ics, V. 21, Dec. 1954, p. 401-407. 

Chemical and mechanical factors involved and 
an outline of remedial measures. Micrograph, 
diagram, graph, table. 23 ref. 


Fretting Corrosion I-II. 

K. H. R. Wright. Corrosion Prevention and 
Control, v. 1, Sept. 1954, p. 405-410, 447; Oct. 
1954, P- 465-471, 484. 

Characteristics and mechanism; effects of hu- 
midity variations; preventive measures. Pho- 
tographs, micrographs, graphs. 


4.3. Metals 


Residual Stresses in Surface Layers of Metals, 
and Wear Resistance. (in Russian) 

P. E. D’iachenko and T. V. Smushkova. Vest- 
ntk Mashinostroeniia, v. 35, no. 3, Mar. 1955, 
p- 38-40. 

Influence of residual stress, caused by cold 
working or machining, on the wear resistance 
of different steels and cast irons. Graphs. I ref. 


Metal Transfer and the Wear Process. 

M. Kerridge. Physical Society, Proceedings, v. 
68, no. 427B, July 1955, p. 400-407. 

A radioactive, annealed steel pin rubbing 
against a hardened steel ring is used to com- 
pare the amount of wear with the amount of 
metal transferred from one surface to the other 
by welding. Using a combination of radioactive 
and inactive test-pieces, the rate of transfer 
to the ring in the equilibrium condition was 
estimated and found to be the same as the 
wear rate of the pin. Graphs. 13 ref. 


Wear Caused by Metal-Against-Metal Slid- 
ing Friction, With Special Consideration of 
the Effect of Temperature. I-II. 

W. Radeker. Henry Brutcher Translation Nos. 
3460-3461, 42 pp. (Slightly abridged from 
Archiv fiir das Eisenhiittenwesen, v. 15, no. 10, 
Ae4 3, P- 453-469.) Henry Brutcher, Altadena, 
Calif. 

Study of wear processes at temperatures rang- 
ing from —310 to 1300°F. Graphs, photo- 
graphs, micrographs. 32 ref. 


5. ANALYSIS AND TESTING 


5.1. Surface Structures (no abstracts) 
5.2. Hardness (no abstracts) 
5.3. Tvacey Techniques 


Radioactive Isotopes for Measuring Piston 
Ring Wear. 


J. H. Deterding and A. Dyson. Engineer, v. 
198, Oct. 1, 1954, Pp. 442-445. 

Radioactive constituents; safety precautions; 
counting methods. Photographs, graphs, dia- 
gram, table. 2 ref. 
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Application of radioactive Indicators for 
Evaluating the Wear of Piston Rings. (in Rus- 
sian) 

P. E. D’iachenko and A. I. Nisnevich. Vestnik 
Mashinostroeniia, v. 35, no. 7, July 1955, p. 
19-22. 

Determination of dependence of wear on effec- 
tive pressure and effective power of the engine 
by radioactive tracers. Diagrams, tables, 
graphs. 6 ref. 


The Use of Radio-Active Isotopes in the 
Study of Wear of Machine Parts. 

B. D. Grozin. International Conference on the 
Peaceful Uses of Atomic Energy, A/CONF.8/ 
P/713, June 1955, 21 pp. (QC770 In8a) 
(Translated from the Russian.) Advantages 
include high sensitivity, simultaneous estab- 
lishment of wear during work without dis- 
assembling the machines, automatic recording 
of wear processes, application of radiography 
in studying metal-transfer and diffusion. 
Graphs, micrographs, diagrams, tables. 


Atoms Trace the Wear. 
W. R. Miller and H. R. Jackson. Lubricating 
Engineering, v.11, July-Aug. 1955, p. 238-241. 
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Radioactive piston ring technique, a new tool 
for measuring engine wear. Tables, graphs. 


Der FZG-Zahnradkurztest zur Priifung von 
Getriebedlen. Beschreibung des Testes, Test- 
bedingungen und Testergebnisse. 

The Short FZG Gear-Wheel Test for Testing 
Transmission Oils. Description of the Test, 
Testing Conditions, and Testing Results. 

G. Niemann and H. Rettig. Evdél und Kohle, 
Vv. 7, no. 10, Oct. 1954, p. 640-642. 

Studies of load resistance and wear of gear 
wheels. Determination of foaming tendency 
and corrosiveness of lubricants. Graphs, ta- 
bles, photographs. 


Quantitative Determination of Machine 
Parts Wear With Radioactive Indicators. 
(in Russian) 

Iu. S. Zaslavskii and G. I. Shor. [zvestiia Aka- 
demi Nauk SSSR, Otdelenie Tekhnicheskikh 
Nauk, 1955, no. 4, Apr., p. 43-52. 
Comparison with results by suspension meth- 
od; testing equipment and methods; choice 
of lubricants. Diagrams, graphs, tables, oscil- 
logram. 15 ref. 


6. WEAR RESISTANCE OF MATERIALS 


6.1. Metals 


Wear Resistance of Steel Surfaces. 
V.V.Chernyshev. Henry Brutcher Translation 
No. 3450, 9 pp. (Abridged from Vestnik Mashi- 
nostroeniya, V. 32,N0. 9, 1952, p. 54-57.) Henry 
Brutcher, Altadena, Calif. 

Study of wear of various steels at different 
sliding speeds and specific pressures, between 
two cylindrical bodies, one of which is station- 
ary, the other rotating. Tables, diagrams, pho- 
tographs. 2 ref. 


Materials Development for the Submarine 
Thermal Reactor. 

William A. Johnson. Westinghouse Engineer, 
v. 14,-Nov. 1954, p. 208-212. 

Use of Zr; corrosion, wear of materials, and 
coolant development. Photographs, diagram. 


Relationship Between Wear Resistance of 
Metals Under Friction Against an Abrasive 
Surface and Their Hardness. (in Russian) 
M. M. Kruschov and M. A. Babichev. Vesinik 
Mashinostroentia, v. 34, no. 9, Sept. 1954, p. 
-9. 

ectsbes method of investigation and dis- 
cusses diagrams of hardness (Vickers or micro- 
hardness) versus wear resistance for pure met- 
als, various carbon steels, and cold-hardened 
metals. Diagrams, table. 4 ref. 


Die neuere Entwicklung der Hartmetalle. 
Recent Development of Hard Metals. 

Alfred Merz. Metallurgie und Giessereitechntk, 
v. 4, no. 8, Aug. 1954, p. 342-348, 353- 


Review of the structures and properties of the 
hard components and bonding metals. Recent 
advances made to increase toughness, hard- 
ness, wear resistance, and scaling resistance 
with and without Co. Tables, diagrams, micro- 
graphs, graphs. 35 ref. 


A Progress Report on the Surface Endurance 
Limits of Engineering Materials. 
G. J. Talbourdet. American Society of Mechan- 
ical Engineers, Paper No. 54-LUB-14, 1954, 
13 pp. + 4 plates. (TJ1 Am35p) 
Surface-wear tests to determine the load-life 
characteristics of materials subjected to roll- 
ing, and sliding actions. Tables, graphs, 
photographs, micrographs. 7 ref. 


Influence of Chemical Composition of Cast 
Iron on Wear Resistance of Brake Shoes. (in 
Russian) 

D. T. Zelenskii. Liteinoe Proizvodstvo, 1955, 
no..2; Feb., p.. 7-10. 

Influence of C, Si, Mn, P, and S contents; 
method of casting ; optimum hardness. Tables, 
diagrams, micrographs. 4 ref. 


6.2. Bearing Materials 

Frictional Characteristics and Surface Dam- 
age of Thirty-Nine Different Elemental 
Metals in Sliding Contact With Iron. 

Carl L. Goodzeit, Arvid E. Roach, and Richard 
P. Hunnicutt. American Society of Mechanical 
Engineers, Paper No. 54-A-53, 1955, 10 pp. 
(TJ1 Am35p) 
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Surface-damage characteristics were related 
to the relative hardness of the metals in sliding 
contact, their mutual solubility, and their 
ability to form intermetallic compounds. Ta- 
bles, diagram, photographs, micrographs. 11 
ref. 


Kunststoff-Walzlagerkafige—Notlaufeigen- 
schaften von Kunststoffen. 

Plastic Cages for Antifriction Bearings and 
Emergency-Running Properties of Plastics. 
A. Gremer. V DI Zeitschrift, v.97, no. 17, June 
II, 1955; P. 509-515. 

Comparative tests on the effect of pressure, 
rate of rotation, and lubricating conditions 
on the wear resistance of different plastic ma- 
terials, brass, and steel. Diagrams, tables, 
graphs. 22 ref. 


New Powdered Material Reduces Bearing 
Wear. 

Stanley Hodge. Ivon Age, v. 176, Aug. II, 
1955, p- 87-89. 

Micro-sized particles of a Cu-Pb mixture, add- 
ed to the regular machine lubricant, recon- 
dition bearings while the machines run. Other 
uses for the powdered metal mixture include 
coolant additions for longer tool life and to 
reduce wear in hydraulic valves. Photographs. 


Cast Copper Antifriction Steels. (in Russian) 
A. A. Lunev. Liteinoe Proizvodstvo, 1955, no. 5, 
May, p. 15-18. 

Effect of lubricants, Cu coatings, and various 
heat treatments on the coefficient of friction 
of Cu-Al steel. Other bearing metals and com- 
binations were also tested. Micrographs, 
graphs, tables, phase diagram. 13 ref. 


Evaluating Bearing Materials Under Bound- 
ary Lubrication. 

B. Lunn. Lubrication Engineering, v. 11, July- 
Aug. 1955, Pp. 255-259; disc., p. 259-260. 
Test to determine the ability of a metal to 
develop a non-scoring boundary film. Dia- 
grams, graphs, photographs, tables. 10 ref. 


Investigation of the Temperature Relation of 
the Thermal and Electric Conductivities of 
Iron-Copper-Graphite Porous Antifriction 
Alloys. (in Russian) 

V.E. Mikriukov and N. Z. Pozdniak. Moskovs- 
kogo Universiteta, Vestnik, Seviia Fiziko-Ma- 
tematicheskikh i Estestvennykh Nauk, v. 9, no. 
9, Sept. 1954, p. 51-59. 

Chemical compositions of starting materials; 
data after sintering; effect of Cu content. 
Tables, graphs, micrographs. 5 ref. 


Investigation of the Mechanical Properties 
of Iron-Copper-Graphite Porous Antifriction 
Alloys. (in Russian) 

V. E. Mikriukov and N. Z. Pozdniak. Mos- 
kovskogo Universiteta, Vestnik, Seriia Fiziko- 


VoL. 1 (1957/58) 


Matematicheskikh i Estestvennykh Nauk, v. 9, 
no. 10, Oct. 1954, Pp. 49-57: 

Strength, and hardness tests in relation to 
proportion of components, porosity and meth- 
ods of producing the alloys. Tables, graphs, 
micrographs. 9 ref. 


Overlay Bearings. 

J. B. Mohler. Metal Industry, v. 86, May 6, 
1955, P- 375-378. 
Seizing resistance of various alloy combin 
ations. Photographs, table. ro ref. 


Scoring Characteristics of Bearing Metals. 
A. E. Roach. Product Engineering, v. 25, Nov. 
1954, P- 171-175. : 
Results of survey covering relative score resis- 
tance of 38 bearing materials when run against 
steel; ratings to simplify choice of metal for 
given bearing use. Photographs, diagram, ta- 
ble. 


Why Bearings Seize. 

Arvid E. Roach and Carl L. Goodzeit. General 
Motors Engineering Journal, v. 2, Sept-Oct. 
1955, P- 25-29. 

Experiments have confirmed a new-bearing 
metal theory which clarifies and unifies the 
empirical data about bearing materials, and 
provides a useful basis for the selection of new 
materials. Tables, graphs, photographs. 


Scoring Characteristics of Thirty-Eight Dif- 
ferent Elemental Metals on High-Speed Slid- 
ing Contact With Steel. 

A. E. Roach, C. L. Goodzeit, and R. P. Hunni- 
cutt. American Society of Mechanical Engin- 
eevs, Paper No. 54-A-61, 1955, 14 pp. (TJ1 
Am35p) 

Metals that have the best score resistance 
against steel are the B-subgroup metals which 
are either insoluble with Fe or else form inter- 
metallic compounds with Fe. Tables, graphs, 
photographs, diagram. 18 ref. 


The Adhesion of the Lead Bearing Alloy 
Overlay With the Steel Back. (in Czech) 
Vladimir Suchanék. Hutnické Listy, v. 10, no. 
4, Apr. 1955, p. 221-228. 

Effects of variations in alloy composition, 
temperature of the bearing metal and that of 
the steel shell, and the rate and direction of 
cooling. Photographs, graphs, micrographs, 
diagrams, tables. 7 ref. 


6.3. Organic Materials 

On the Abrasion of Rubber. 

A. Schallamach. Physical Society, Proceedings, 
v. 67, no. 420B, Dec. 1954, p. 883-891 + 2 
plates. 

Expressions for the dependence of abrasion on 
normal load and on nature of abrasive are 
deduced and compared with experimental 
results. Graphs, tables, micrographs, stress 
pattern. 11 ref. 
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7. SURFACES AND SURFACE TREATMENT 


7.1. General (no abstracts) 
7.2. Steel (no abstracts) 
7.3. Grinding 


The Grinding of Titanium Alloys. 
C. T. Yang and M. C. Shaw. ASME, Trans- 
actions, v. 77, July 1955, p. 645-660. 


A study of the influence of a wide variety of 
operating and grinding-wheel variables re- 
veals the most important quantities to be 
grinding-wheel speed, type of abrasive, and 
grinding fluid. Table, graphs, diagrams, mi- 
crographs, photographs. 


8. MACHINING AND METAL WoRKING 


New Method for Evaluating Coolant Effi- 
ciency. 

F. Eugéne. Microtecnic (English Ed.), v. 9, 
no. 2, 1955, p. 70-80. 

Evaluation of coolant effect in machining 
operations may be satisfactorily made through 
measurement of specific tool abrasion. Dia- 
grams, tables, photographs, graphs. 4 ref. 


Neue Erkenntnisse tiber den Verschleiss der 
Werkzeuge beim Frisen von Baustahl. 

New Information on the Wear of Cutters in 
the Milling of Structural Steel. 

H. Opitz and K. H. Frohlich. VDI Zeitschrift 
des Vereines deutscher Ingenieure, v.96, no. 25, 
Sept. I, 1954, p. 822-830. 


Effect of initial cutter-to-steel contact, ma- 
chining conditions, and type of wear; instru- 
ments for measuring and recording photo- 
graphically and graphically cutter wear, force 
and temperature of cutting, and vibrations. 
Table, diagrams, graphs, photographs, micro- 
graphs. 12 ref. 


Low Temperature Cooling, A Means of In- 
creasing Cutting Tool Life. 

G. Pahlitzsch. Microtecnic (English Ed.),v. 9, 
no. 2, 1955, p. 65-69. 

Tests indicated a 42% extension of tool life 
and an increased saving in manufacturing 
and tool costs. Graphs, photograph. 
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Authors’ Abstracts 


a 


Adhesion of Solids: Principles and Applications 


O. L. ANDERSON (Mechanics Research Bell Telephone Laboratories) —Bell Labs. Record, November 
1957); (7 pp-; 7 fig., no ref.). See also J. Appl. Phys., 28 (1957) 923. i , 

The theory of adhesion between solids has now been well substantiated, and on the basis of this 
theory, research and development have resulted in a number of significant experiments and prac- 
tical applications. At Bell Laboratories, a recent major outcome of this work has been the use of 
thermo-compression bonding to attach wire leads to brittle non-metals like silicon and germanium. 
This technique promises great simplifications in fabrication and improvements in electrical charac- 
teristics of semiconductor devices. 


Electrical Effects Accompanying the Stick-Slip Phenomenon of Sliding of Metals on 
Plastics and Lubricated Surfaces 


G. W. Sout, J. GAYNor, AND S. M. SKINNER — Trans. Am. Soc. Mech. Engrs., 79 (1957) 1963-70; 
(18 fig., ri ref.). 

The ele¢trical transients which accompany the stick-slip phenomenon in boundary lubrication 
have been investigated by an apparatus which permits simultaneous oscillographic measurement 
of any two of the following: the instantaneous load, the instantaneous frictional drag, the electrical 
transient potentials during the stick-slip motion. The phenomenon has been investigated with 
unlubricated metal-metal contact using four metals in various combinations, lubricated metal— 
metal contact using various combinations of metals and five lubricants, and metal—plastic contact; 
in all cases, the contact was a sliding contact at low speed, since this accentuates the stick-slip 
phenomenon. Definite time correlation between the mechanical stick-slip and the electrical tran- 
sients has been found. The characteristics of the electrical discharge appear to favor a charge- 
discharge mechanism rather than a thermoelectric potential or a dielectric breakdown mechanism, 
although further experiments are necessary to provide unambiguous proof of such a conclusion. 
Certain related frictional experiments were performed which, however, also favor such a mechanism. 


Elastic Deformation and the Laws of Friction 


J. F. ARcHARD (Research Laboratory, Associated Electrical Industries Ltd., Aldermaston, Eng- 
land) — Proc. Roy. Soc., A 243 (1957) 190-205; (11 fig.; 19 ref.) 


This paper examines whether the hypothesis of elastic deformation of surface protuberances 
is consistent with Amonton’s law, that the friction is proportional to the applied load. For a 
single elastic contact, the area of contact A is known to be proportional to the 2/3 power of the 
load W. Since the frictional force is generally assumed to be proportional to 4, it has been thought 
that in elastic deformation Amonton’s law would not be obeyed. However, conforming surfaces 
usually touch at many points, and it is shown that in these circumstances A and W become 
nearly proportional. Experiments are described which show that the general law is that the 
friction is proportional to the true area of contact; whether or not Amonton’s law is obeyed 
depends upon the surface topography. For highly elastic materials such as Perspex, Amonton’s 
law is obeyed when contact is made at many points, and other relations between A and W are 
observed when the contacts are few. Experiments with lubricated brass specimens show that the 


same conclusions apply to carefully prepared or well run-in metal surfaces running in conditions 
where the damage is small. 


The Lubrication of Rollers 


A. W. CRooK (Research Laboratory, Associated Electrical Industries Ltd., Aldermaston, Eng- 
land) — Phil. Trans. Roy. Soc. (London), A 250 (1958) 387-409; (14 fig; 17 ref.) 


_ When lubricated rollers are run together they are separated by a hydrodynamically-formed oil 
film. The thickness of this film has been measured by a capacitance method up to loads of 1000 lb. 
per inch of face (1.76-108 dyn cm~!) for conditions of pure rolling and for conditions of rolling 
with sliding such as exist at the contacts of gear teeth. It has been found, at low loads, that the 
film thickness varies inversely with load and proportionately with speed, as simple hydrodyna- 


VOL. 1 (1957/58) AUTHORS’ ABSTRACTS 461 


mic theory suggests, but that the actual thickness is approximately one-half of the theoretical 
thickness. At higher loads, of greater practical importance, the film thickness is shown to be of 
the order 1 w (~ 4-10~* in.) which is greater than that predicted by simple theory. Experimental 
evidence is presented that this failure of the simple theory is due to the increased viscosity of 
the oil under pressure and to the deformation of the surfaces by the load. The film thickness, at 
practical loads, has been found to vary little with load, less than proportionately with speed but 
to vary greatly with the temperatures of the surfaces. 

Estimates of the temperature reached by the oil in its passage through the conjunction of the 
surfaces have been made from measurements of the electrical resistivity of the oil. This tem- 
perature, which depends upon load and the peripheral speeds and which may exceed 250°C, 
appears to have little influence upon the film thickness. From this it is argued that the film 
thickness is largely determined by the conditions, on the entry side of the conjunction, ahead of 
the region in which the viscous losses and heating of the oil become intense. 


A Contribution to the Study of Problems in Fine-Finish Turning (Serbian) 


V. SoLaja (Faculty of Mechanical Engineering, University of Belgrade, Yugoslavia)— Rec. trav. 
inst. construct. mécan. acad. Serbe sci., 54 (7) (1957) 185-227; (30 fig., 34 ref.). 

It is well known from practical experience that the geometry of surfaces ar produced by fine 
finishing is dependent on a multitude of factors which affect the physical process of cutting. Various 
authors in their research have clarified some of the problems involved in fine-finish cutting (espe- 
cially in turning), but, unfortunately, the laws expressed analytically thaf would allow a critical 
analysis of these factors, as well as quantitative practical recommendations, have not yet been 
formulated. 

The author’s research in the field of fine-finish turning led to the formulation of the law of the 
dependence of surface texture on the material being cut, as well as on the working conditions for 
a sharp tool, and formed the basis for the proposal of a quantitative assessment of suitability of 
lathes and live centres for this sort of cutting. A geometrical analysis of the process of wear 
of carbide tools and corresponding tests made it possible to establish a connection between tool 
wear and surface finish. 

It was shown that both the theoretical values of maximum /max,, and centre-line-average hCL Aj, 
roughness can be expressed as the functions of the same variable r/s?, where 7 = nose radius, 
s = feed. In a qualitative analysis it was shown that the total influence of the various cutting 
factors on generated surface finish is not necessarily dependent to a great extent on the proposed 
variable v/s?. This led to the assumption that in log-log coordinates the law of surface finish for 
a sharp tool may be represented by straight lines. An extensive series of tests confirmed the validity 
of this assumption, and the equations 


hmax = # (r/s?)¥, and hcLa = R(r/s*)y 


are proposed, where x, v, k, m are the functions of the various cutting factors, the most important 
being cutting speed v. At the same time it was shown that there exists a definite relationship 
hmax = f(hcrA) for a sharp tool. ; 

The process of wear of the freshly ground tool enabled a thorough analysis of the changes in 
geometry of the cutting edge, both the width of flank wear B, as wellas of the length B, of the 
generated groove being included. We suggested the corresponding equation for the theoretical 
value of the maximum roughness max; [wu] for a blunted tool 


Nmaxt = (ams?|ro + Bm => 153) tga + (B, —— B?)/D 4- 
+ (s — 0.065 B, Yo/s)?/8 (vo — B tga), 


where 
am = a factor depending on the number of grooves generated on the flank, index m relating 
to the groove of the highest order, 
s [mml|rev.] = feed, 
Yo [mm] = nose radius of the sharp tool, 
B, [u] = length of the groove (B, = length of the first groove, Bm = length of the 
mth groove), 
B [w) = width of flank wear, 
a [°] = clearance angle, 
D {u] = workpiece diameter. 


In a series of tests it was confirmed that good agreement existed between the calculated values 
of hmax, and the actual surface roughness Amax obtained in cutting various sorts of steels. 
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Further research on the proposed lines which is now taking place has as object the establish- 
ment of laws governing wear of tools and their influence on the quality of the produced surfaces, 
as well as the development of a practical method of finding out the production optimum in view 
of tool economy, surface quality, and productivity. 


The Flow and Fracture of Nodular Cast Iron 


W. R. CLouGH anp M. E. SHANK — Trans. Am. Mech. Engrs., 79 (1957) 1911-20; (14 fig., 23 ref., 
Discussion). 

Combined stress tests on pearlitic nodular iron show that this material posesses a constant valued 
modulus of elasticity and* Poisson’s ratio. The maximum shear criterion for yielding is conservative, 
but is sufficiently accurate for design purpose. In addition, it appears to yield in accordance with 
the distortion-energy theory, providing stress concentrations at the graphite nodules are taken 
into account. There is a density change with plastic deformation owing to separation of the matrix 
from the graphite. Stress and strain variables may be reasonably correlated by plotting plastic 
work against octahedral shear stress. A smooth fracture envelope has been obtained, and fracture 
occurs in a direction normal to the greatest applied tensile stress. A considerable internal crack 
network may be opened up before fracture. Brittle cleavage facets in pearlitic nodular iron are 
revealed by the fractographic technique. Cleavage fracture is not obtained in ferritic nodular iron 
in tension, but may be obtained in the presence of notches or by low temperature of test. 


Fracture Phenomena and Molecular Weight in Polymethyl Methacrylate 


SANFORD B. NEWMAN AND IRVIN WoLockK (National Bureau of Standards, Washington 25, 
D.C.) — J. Appl. Phys., 29 (1958) 49; (6 fig., 13 ref.). 

Tensile specimens of cast polymethyl methacrylate of five different molecular weights varying 
from 90,000 to 3,160,000 were broken by static loading and the fracture surfaces compared. The 
fracture appearance was fairly constant for a given molecular weight but there was a continuous 
development of certain features and a retrogression of others with changes in molecular weight. 
The series which was developed by varying the molecular weight was similar in appearance to 
that developed by ZANDMAN by varying the rate of loading of polymethyl methacrylate. The 
higher molecular weight specimens corresponded in appearance to those obtained at the lower 
rates of loading. In the higher molecular weights, failure by ‘‘separation’’ was most marked, whereas 
fracture by ‘‘pulling out’’ of polymer masses became more important at the lower molecular weights. 
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Recent and Forthcoming Events 
TT scr 


Switzerland 
SVMT 
Friday, March atst, in Zurich 


Discussion on lubrication and lubricants 


R. Larson anv E. W. Coox (American Cyaramid, New York) 
On the corrosion and wear-reducing properties of zinc dithiophosphates in modern motor oils. 


E. JANN (Shell, Zurich) 
Practical experience in the lubrication of diesel motors. 


O. L. StuDER (Credimer A.G., Zurich and Sarnen) 
Recent developments in lubrication techniques with molybdenum disulphide. 


The Netherlands 
ASSOCIATION FOR THE STUDY OF MATERIALS 
(Bond voor Materialenkennis) 
Wear Section: Chairman, H. Blox 
Friday, March 28th, in Utrecht 


Discussion on industrial wear problems 
1. A. W. Crook (Associated Electrical Industries Ltd., Aldermaston, England). 


Studies of wear and lubrication 


In 1947 the Aldermaston Laboratory was established away from the day to day problems of 
the factories to be a place where long-term research might flourish. One part of the laboratory, 
the Surface Physics Section, has been occupied with wear and lubrication. Use has been made 
of optical, electron optical, radioactive tracer and metallographic methods to reveal the various 
stages of wear processes. Severe wear due to metallic welding has been distinguished readily from 
mild wear in which the debris is more finely divided and mainly non-metallic. Studies of a 
number of examples of mild wear have shown that this wear process is not unique but varies with 
the sliding combination. 

A theoretical study of the elastic deformation of model surfaces has shown that the true area of 
contact closely approaches proportionality with the load as the models are made more complex 
and closer to practical surfaces. In theoretical discussions of friction and wear such proportionality 
has been invoked universally but it is now shown that it is not essential to regard all the true 
contacts as being deformed plastically. This may lead to an explanation of friction, additional to 
the welding theory, but which is more consistent with the low rates of wear often encountered 
and the freedom from damage of many friction surfaces. 

An understanding of the lubrication of the nominal line contacts made by gears and roller bear- 
ings is beset with difficulties arising from the intense pressures which must exist. Experiments 
confirming that, despite the pressures, such line contacts may be lubricated hydrodynamically 
have been made with disc machines. In addition, a way has been found of measuring the film 
thickness, and the results suggest that this thickness is more dependent upon the oil temperature 
at entry than upon the temperature attained by the oil in its passage between the discs. 

The surface failure of discs has also been studied and the existence of a relatively undeformed 
layer close to the surface has been shown under conditions in which the discs suffered large plastic 
deformation. The disturbed material lies beneath this undeformed layer and the direction of 
flow suggests an explanation of why the slower moving surface is more susceptible to pitting. 
See also Abstracts Wear, r (1957/58) 162, 163, 460. 


2. J. L. REMMERSWAAL (Metal Institute T.N.O., Delft, The Netherlands). 
Wear phenomena on cutting tools 
Survey lecture; published in Dutch: Metalen, 13 (1958) 106-116; (7 fig., no ref.). 


OES tA 
AMERICAN SOCIETY OF LUBRICATION ENGINEERS 


Annual Meeting, April 22nd, 23rd and 24th, 1958, Cleveland, Ohio. 


ASLE/ASME Joint Conference 
Fifth Conference, October 13th, 14th and 15th, 1958, Los Angeles, Calif., Hotel Statler. 
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Notes on Contributors 
ne 


F. T. Barwe t, (for biographical note see Wear, © (1957/58)364) 
[See p. 426] 


M. G. Dreut, Prof. Dr. Ir.: born at The Hague; studied at the Technische Hogeschool, Delft; 
graduated as electrical engineer in 1934; joined N.V. Electrische Apparatenfabriek v/h Van Wijk 
& Visser at Geldermalsen; worked on the development and design of low-tension switch and 
control gear; wrote his thesis on the application of bimetal in thermal overload relays; since 1953 
extra-ordinary professor at the Technische Hogeschool, Delft; has published papers on the design 
and wear of electrical contacts. [See p. 367] 


ADOLF SCHALLAMACH: Studied at the Technische Hochschulen of Ziirich and Breslau, graduating 
as Diplom-Ingenieur in Breslau, where he subsequently carried out work on photo-electricity 
until his emigration to England in 1934: for this work he was awarded a Dr. rer. nat. in Bruns- 
wick in 1948. From 1934 to 1943 was engaged in various low-temperature research projects in 
the Davy Faraday Laboratory of the Royal Institution; since 1943 has been with the British 
Rubber Producers’ Research Association, working mostly on dielectric properties, friction, 
and abrasion. He is a Fellow of the Institute of Physics. 

[See p. 384] 


YASUKATSU TAMAI: associate member of the Institute of Science and Technology, University 
of Tokyo; at present engaged in physico-chemical research of solid surfaces; has studied 
mainly the boundary lubrication of polar additives in lubricating fluids, and is interested in the 
influence thereon of wear debris and the surrounding atmosphere. Has written articles for the 
Kogyo Kagaku Zasshi (Journal of the Chemical Society, Japan, Industrial Chemistry Section). 


[See p. 377] 
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